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Titration of free fatty acids of plasma: a study of 
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SUMMARY 


Dole’s titrimetric method for determination of the free fatty acids of plasma has been 
modified to improve its specificity. The fatty acid solution which is to be titrated is first 
washed with 0.05 per cent H,SO, and thus freed of lactic acid and of an acetone-insoluble 
material which interferes. With this change, the Dole procedure yields results which agree well 


with those of Gordon’s method. 


aes titrimetric methods for determination of 
free fatty acids (FFA) of plasma, those of Dole (1) 
and Gordon (2), are now in wide use. Unlike the 
latter, the Dole method requires only moderate 
amounts of time, skill, and special apparatus, but it is 
not strictly specific for fatty acids (3). Specifically, 
plasma lactate interferes (2, 3), particularly at the 
high levels obtained with acute exercise. 

A procedure was devised to wash out interfering 
substances and to improve the specificity of the Dole 
method. In testing the modified procedure, efforts 
were made to account for the change in apparent FFA 
values observed with washing. 


METHODS 


The Modified Procedure. It is convenient (but not 
essential) to use twice the volumes of plasma and of 
reagents specified in the Dole procedure. Thus to 2 
ml. heparinized plasma in a glass-stoppered test tube 
are added, with shaking, 10 ml. “extraction” mixture 
(40 parts by volume of isopropanol, 10 parts heptane, 
and 1 part 1 N H.SO,); then 6 ml. heptane and 4 ml. 
water are introduced, and the mixture is shaken for 


* Supported in part by a research grant from the Life Insur- 
ance Medical Research Fund, in part by research Grant H-1217 
(C6) from the National Heart Institute, Public Health Service, 
and in part by the Regional Center for the Study of Aging, 
Duke University. 

+ Research Fellow, American Heart Association. 
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at least 2 minutes. A 4- or 5-ml. aliquot of the upper, 
or “heptane,” layer is removed to a glass-stoppered 
centrifuge tube and there vigorously shaken for 5 
minutes with an equal volume of 0.05 per cent aqueous 
H.SO,. The tube is then centrifuged at about 300 « 
g for 5 minutes. To a final tube containing 1 ml. 
Dole’s “titration” mixture is transferred 3.0 ml. of the 
washed heptane layer, and it is then titrated with 
0.018 N NaOH while being agitated with a stream of 
nitrogen. The heptane layers from appropriate titra- 
tion blanks and palmitic acid standards are similarly 
washed before titration. 

Other Methods. Since lactic acid and perhaps phos- 
pholipids interfere in the Dole procedure, the concen- 
trations of these substances were determined in washed 
and unwashed aliquots of heptane layer from plasma 
extract. 

In the lactate analyses a measured volume of the 
heptane layer was evaporated under a stream of air at 
room temperature. The residue was shaken up into a 
water suspension, which was treated with Ba(OH). 
and ZnSO, (4) and filtered. The filtrate was analyzed 
for lactate by the method of Barker and Summerson 
(5). 

In the lipid phosphorus analyses the residue from 
the heptane layer was almost completely dissolved in 
alcohol-ether 3:1, and the solution filtered. Aliquots 
were dried and digested with hot H.SO, and H2O. (6). 
Final color development was by the method of Fiske 
and Subbarow (7). 


| 
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A method was devised and tested for the evapora- 
tion of lactic acid from the heptane layer of plasma 
extract. The heptane layer was evaporated to near 
dryness, with continuous shaking, under the reduced 
pressure of a water aspirator. With the vacuum at- 
tachment still on, tubes were then warmed by move- 
ment in a water bath (approx. 60°C) until the last 
traces of solvent disappeared. The residue was dis- 
solved in 2.0 ml. isopropanol, which was then evap- 
orated in the same manner, after which the isopropanol 
treatment was repeated once. 

The above procedure was tested in the following 
manner for its efficiency in removing lactate: Samples 
of the same plasmas were extracted by the Dole 
method with and without the addition of lactate; the 
heptane layers were subjected to the low-pressure 
treatment, reconstituted with heptane, and titrated. 
Titration data revealed the loss of about 90 per cent 
of the lactic acid originally present in the heptane 
layer. 

Portions of lactate-depleted residue from the hep- 
tane layer of plasma extract were also largely freed 
of phospholipid by acetone precipitation (8). Specif- 
ically, the residue from the heptane extract from 4.0 
ml. plasma was dissolved in 0.5 ml. petroleum ether 
(b.p. 30°-60°C) ; and 4.2 ml. acetone was added with 
shaking. Phospholipid precipitated during storage 
overnight with dry ice. The tube was then centrifuged, 
with small quantities of dry ice added to the tube 
carrier. One 3-ml. aliquot was titrated directly; a 
second portion after being washed with an equal vol- 
ume of 0.05 per cent aqueous H.SO,. 

In titrating the heptane layer residue, the solute 
was made up to only one-quarter to one-half the 
original volume, so that the sensitivity of titration 
was increased. In preparing titration blanks, similar 
volumes of heptane layer of water extracts were 
treated in a manner identical to those from plasma 
extract. 

In procedures with palmitic acid-1-C™ the samples 
were added to metal planchets, evaporated to dryness 
under an air stream, and counted with a thin-window 
Geiger-Miiller tube. 


RESULTS 


The original Dole method for FFA yields higher 
values than the elaborate Gordon procedure. The dif- 
ference in some cases amounts to 100 to 200 pmoles 
per |. or up to 50 per cent. The modified Dole method, 
as described above, and the Gordon procedure were 
applied to the same 10 plasma samples. As indicated 
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by Table 1, results by the two methods showed no 
significant difference. 


TABLE 1. Comparison or METHODS 


Plasma Modified Dole Gordon : 
Sample Procedure Method 
umole /l. umole /1. umole 
1 271 298 —27 
447 485 —38 
3 | 678 731 —53 
264 267 -3 
5 258 219 +39 
6 | 196 175 +21 
7 340 359 —19 
8 720 682 +38 
9 1369 1373 —4 
10 | 441 270 +171 
Mean difference + standard error.............. +12.5 + 20.1 


Effects of Washing Dole’s Heptane Layer. It was 
necessary to determine whether, in washing the hep- 
tane layer, the loss of long-chain fatty acids con- 
tributed significantly to the reduction in apparent 
fatty acid value. Palmitic acid-1-C!* was used as a 
prototype of long-chain fatty acids and, as the sodium 
soap, was shaken into solution with plasma. When 
the labeled plasma was extracted and the heptane 
layer washed in the standard way, 4 per cent of the 
label was found in the wash solution. It was, however, 
also noted that heptane persisted, despite centrifuga- 
tion, emulsified in the acidified water. 

It was reasoned that if the radiopalmitate of wash 
solution existed as minute droplets of the same heptane 
solution which constituted the upper phase and which 
was to be titrated, no error would be introduced in 
FFA estimation. By alternate freezing in acetone and 
dry ice and thawing at room temperature, the emul- 
sion was broken. After centrifugation the previously 
entrapped heptane was found to have the same radio- 
isotope concentration as that removed earlier, and the 
wash solution retained only 0.3 per cent of the total 
label. It is concluded that the small loss of long-chain 
fatty acids in the wash procedure introduces no appre- 
ciable error. 

Interference by lactic acid was also studied in the 
following manner: A titration blank was first prepared 
with a known amount of racemic lactic acid (from 
crystallized lithium lactate). The heptane layer was 
titrated and found to contain 1.5 per cent of that 
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acid before washing and essentially none afterward. 
Direct analyses of lactic acid were then made on two 
plasma samples and on the heptane layer obtained 
from the same plasmas by the original and modified 
Dole procedures. The data for these plasmas, as sum- 
marized in Table 2, indicate that the unwashed hep- 


TABLE 2. Lactic Actp in PLaAsMA AND HepraNe Layers * 


Plasma Dole’s Heptane | Washed Heptane 
Subject A 1.98 0.044 .0079 
Subject B 1.38 0.026 .0042 


* Values are given as wmole per ml. of original plasma. 


tane layer of plasma extract contained at least 1.5 
per cent of the lactate present and that one washing 
reduced this contamination by at least 80 per cent. 

Each mg. of lactic acid per 100 ml. plasma con- 
tributed 1.5 to 2.0 pmoles per |. to the Dole FFA 
estimate. However, for most plasmas from resting 
subjects, removal of this amount of lactic acid from 
the heptane layer accounted for less than half of the 
change in titration after washing. Since it was noted 
that the heptane layer contained 25 to 30 per cent of 
the lipid phosphorus of plasma but lost nearly nine- 
tenths of that material with washing, it was suspected 
that phospholipid might interfere in the unmodified 
Dole method. 

The total lipids (9) from two plasma samples were 
chromatographed on silicic acid columns, essentially 
by the method of Hirsch and Ahrens (10), and the 
phospholipid fraction was evaporated to dryness and 
extracted by the Dole solvent system. The heptane 
layer showed titratable acidity which was markedly 
reduced by the recommended wash procedure. 

A second approach to the effect of phospholipids on 
the apparent FFA value was to determine the change 
in titration value when the heptane layer of plasma 
extract was freed, successively, of lactic acid and of 
phospholipid. The heptane layer was so treated to 
volatilize the lactic acid (and some fatty acid). Ali- 
quots of the resulting residue were dissolved in heptane 
and titrated; other aliquots were first treated to re- 
move phospholipid, then dissolved in heptane and 
titrated. Results in Table 3 show that removal of 
phospholipids reduces titratable acidity. In fact, after 
removal of both lactic acid and phospholipids, the 
residue yielded titration values approximating those 
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TABLE 3. TirrataBLe Acipiry oF HEepranE LAYER 
AFTER PARTIAL FRACTIONATION * 


Dole After 
Procedure | Washing 
Untreated 1 .283 235 
258 212 
Vacuum-treated 1 .250 .229 
(to remove lactic acid) z .243 .206 
Vacuum-treated and freed 1 .239 i233 
of acetone-insoluble material 2 .210 .200 


* Values are given as umole per ml. of original plasma. 


obtained with the washed FFA method. Titration 
changes with washing were also pertinent; this change 
was greatest for the untreated heptane layer of plasma 
extract, less after evaporation of lactic acid, and 
minimal after the additional removal of phospholipids. 

It is concluded that an acetone-insoluble material, 
probably phospholipid, is extracted and titrated in the 
Dole method but is largely washed out in the modified 
procedure. 

Recovery of Added Fatty Acids. The chief com- 
ponents of plasma FFA, sodium palmitate, oleate, and 
stearate (11), were dissolved in plasma, and their re- 
covery by the modified Dole procedure was determined. 
Specifically, 1.2 pymoles of each soap was added to one 
of three 2.0-ml. aliquots of plasma; these and a fourth 
unsupplemented portion were analyzed for FFA. This 
set of four analyses was carried out on each of ten 
plasmas. 

Results, as shown in Table 4, indicate that recov- 
eries of each of the three fatty acids studied did not 
differ significantly and that the mean recoveries 
exceeded 90 per cent. 


TABLE 4. Recoveries oF Fatry Acips 
ADDED TO PLASMAS 


Fatty Acid | Number of Trials Recoveries * 
per cent 

Palmitate 10 93.6 + 0.69 

Oleate 10 93.5 + 0.85 

Stearate 10 92.8 + 0.94 


* Mean + standard error. 


| | | 
| | | 
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Reproducibility of the Modified Dole Method. 
Reproducibility of the original and modified Dole 
procedures was determined and compared in terms of 
standard deviation of repeated analyses. A total of 38 
analyses was carried out by each method on the same 
12 plasma samples. By Dole’s original method, a 
mean FFA of 689 wmoles per |. with a standard devi- 
ation of 11.9 was found; the modified method gave 
584 + 11.2 wmoles per 1. 


DISCUSSION 


The modified Dole procedure, as described above, 
preserves most of the ease and reproducibility of the 
original Dole FFA method but greatly improves its 
specificity for fatty acids. In the original Dole pro- 
cedure an acetone-insoluble lipid, probably a phos- 
pholipid, interferes significantly. Lactic acid of normal 
fasting plasma also brings about an error of several 
per cent, and this error increases as the lactie acid 
rises with exercise, psychological stress, diabetes, or 
infusion of epinephrine or norepinephrine. The recom- 
mended wash treatment minimizes interference by 
these two materials. 
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| The structure of cerebrosides in Gaucher’s disease 
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SUMMARY 


Crystalline cerebrosides were isolated from the spleen of a woman with Gaucher’s disease. 
The cerebrosides accounted for 38 per cent of the total spleen lipids and 0.89 per cent of the 
fresh spleen. The sugar moiety of the cerebrosides was found to be glucose and its position of 
attachment was established to be on the primary hydroxyl group of sphingosine. The double 
bond in the sphingosine moiety had the trans configuration. The fatty acids of the cerebroside 
were determined by gas chromatography and paper chromatography and found to be mainly 
lignoceric, behenic, and palmitic acid. Small amounts of arachidie and stearic acids were also 


present. 


C erebrosides isolated from persons with 
Gaucher’s disease contain predominantly glucose (1 to 
5) in place of galactose. Carter and Greenwood (6) 
have shown that in the case of phrenosin the galactose 
is attached to the primary hydroxy] group of sphingo- 
sine. However, the position of attachment of glucose 
in the abnormal Gaucher’s cerebroside from humans 
has not been investigated. In addition, the nature of 
the fatty acids of the Gaucher’s cerebrosides has not 
been sufficiently studied. This paper will elucidate both 
of these points. 


METHODS 


A portion of human spleen (310 g. wet weight of a 
780 g. spleen) was obtained from a woman (age 50) 
with Gaucher’s disease immediately after surgery. The 
spleen was minced, washed with isotonic saline, and 
then extracted with methanol-ether 1:1 (v/v) in the 
usual way. The yield of total lipid was 7.26 g. 

Column chromatography of the spleen lipids was 
carried out on Florisil’ (7) and on silicie acid (8). The 
cerebrosides isolated by chromatography on Florisil 
were recrystallized several times from acetic acid. 
Hydrolysis, acetylation, reductive hydrogenolysis, and 
isolation of diacetylsphingine were carried out by pro- 
cedures similar to those described by Carter and 
Greenwood (6). Nitrogen and phosphorus analyses 
were carried out as described previously (8). Sugar 


* Aided in part by United States Public Health Service 
Grant H-2063 of the National Heart Institute. 
* Floridin Co., Tallahassee, Fla. 


was analyzed by the method of Radin et al. (9). Car- 
bon, hydrogen, and acetyl group analyses were done 
by the Schwarzkopf Microanalytical Laboratory, 
Woodside, N. Y. 

The cerebrosides were hydrolyzed with aqueous HCl 
by the procedure of Rosenberg and Chargaff (5) and 
the osazone derivative prepared in the usual manner 
(10). Paper chromatography of the sugars was carried 
out by the ascending technique in three solvent sys- 
tems: (a) n-butanol-pyridine-water 3:1:1.5 (v/v/v) 
(upper phase of this mixture was mixed with 1 volume 
of pyridine); (b) ethyl acetate-pyridine-water 30: 
21:9 (v/v/v); and (c) isopropyl ether-formic acid 
3:2 (v/v). 

The fatty acid methyl esters were analyzed by gas 
chromatography. The analysis was kindly performed 
by Dr. M. Kates, of the National Research Council, 
Ottawa, Canada. The free fatty acids were analyzed 
by paper chromatography on mineral oil-impregnated 
paper (11). The solvent system consisted of acetic 
acid-water 195:5 (v/v) (saturated with mineral oil). 
Whatman No. 1 filter paper was impregnated by dip- 
ping into a 10 per cent (v/v) solution of mineral oil in 
benzene. 

Paper chromatography of diacetylsphingine was 
carried out on silicic acid-impregnated paper, employ- 
ing a solvent of n-hexane-diisobutylketone 70:60 
(v/v) (12). 

Infrared spectral analyses were kindly run by Dr. 
W. B. Mason and Mr. A. Behringer, of the Atomic 
Energy Project of the University of Rochester, and 
were made possible by funds from the Atomic Energy 
Commission. A Perkin-Elmer Model 21 instrument 
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with NaCl prism was used. The spectra were run on 
pressed KBr disks at a concentration of 5 pg. of com- 
pound per 1 mg. of KBr. The compounds were incor- 
porated into the KBr by the lyophilization technique 
(13). 


RESULTS 


The lipid content of the spleen on a wet weight basis 
was 2.35 per cent. The phosphorus content of the lipids 
was 1.86 per cent. Thirty-eight per cent of the total 
spleen lipids (or 0.89 per cent of the wet weight spleen) 
was cerebroside. The nonphosphatides (triglycerides 
plus total cholesterol) as determined by column frac- 
tionation on silicic acid constituted 17 per cent of the 
total lipids. 

The cerebrosides (2.74 g.) obtained by column chro- 
matography on Florisil were found to contain 0.13 g. of 
phosphatide (determined by P analysis). Three recrys- 
tallizations from acetic acid yielded 1.7 g. of crystal- 
line cerebrosides (1) (m.p. 169°-171°C begins to 
sinter at 80°C). The analysis of cerebroside (I) was 
as follows: 69.35 per cent C; 11.55 per cent H; 1.76 
per cent N; 23.7 per cent glucose. (Calculated values 


TABLE 1. Gas CHROMATOGRAPHIC ANALYSIS OF THE FaTTy 
AcIps OF THE SPLEEN CEREBROSIDES (I) 


moles per cent 


Co, (lignocerie acid) 46 
Co. (behenic acid) 27 
Coo (arachidiec acid) 3 
Cis (stearic acid) 3 
Cis (palmitic acid) 20 
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for CygHggOgN [784.2]: 70.50 per cent C; 11.42 per 
cent H; 1.78 per cent N; and 23.0 per cent glucose.) 
Cerebrosides (I) were free from P. 

The acetic acid supernatant fluids from the recrys- 
tallized (1) were found to contain cerebrosides and 
phosphatides. Hydrolysis of this fraction showed glu- 
cose to be the only sugar present. The fatty acids on 
these cerebrosides were not analyzed because of the 
contaminating phosphatide. 

Attempts to isolate and purify the cerebrosides by 
chromatography on silicic acid were unsuccessful. The 
cerebrosides were eluted with 20 per cent methanol in 
chloroform along with phosphatidylethanolamine and 
phosphatidylserine. 

The fatty acid methy] esters obtained by hydrolysis 
of the cerebrosides with methanolic-sulfuric acid were 
analyzed by gas chromatography. The results are 
given in Table 1. It is evident that the major com- 
ponents are lignoceric, behenic, and palmitic acid. The 
fatty acids and sphingosine were isolated in nearly 
theoretical yields. 

The fatty acid methyl esters were converted to the 
free fatty acids which were then analyzed by paper 
chromatography (11). The major acids which were 
observed were lignoceric, behenic, and palmitic. Stearic 
and arachidic acids were barely detectable on the 
chromatograms. Hence the paper chromatographic 
findings are in agreement with the gas chromatogra- 
phic analyses. The acids were saturated since they gave 
an essentially negative test with permanganate. Since 
the cerebroside (I) yielded a pentacety] derivative 
rather than a hexacetyl derivative, the presence of an 
appreciable amount of hydroxy acids is ruled out. 

Analytical data on the acetylated (II) and the re- 


TABLE 2. AnatyticaL DaTa ON THE ACETYLATED CEREBROSIDES 


Glucose Acetyl 
N ] Acetyl 
Glucose cety N N 
per cent per cent per cent 
Calculated for pentacety]l 
compound Cs6H9Oi3N (994.4) 1.41 18.2 21.6 1.0 5.0 
Found: Compound (IT) 
m.p. 84°-87°C 1.41 18.2 21.2 1.0 4.93 
Calculated for reduced 
tetracetyl compound 
CssHgg0uN (938.4) 1.49 19.2 18.3 1.0 4.0 
Found: Compound (III) 
m.p. 94°-96°C 1.46 18.5 19.3 0.99 4.3 


| | | | 
Ag 
Meg 
| | | | 
L 


Volume 1 
Number 3 


FREQUENCY (CM") ° 


CEREBROSIDE STRUCTURE IN GAUCHER’S DISEASE 


205 


4000 3000 2500 2000 1800 1600 1400 1200 1000 950 900 850 800 750 700 
wo 
| | ACETYLATED CEREBROSIDE 
4 5 10 12 13 


duced acetylated cerebrosides (III) are given in Table 
2. In our hands the extent of hydrogenolysis was 84 
per cent. (Carter and Greenwood [6] found 40 per cent 
with phrenosin.) No sugar was liberated during the 
reduction with hydrogen. The data in Table 2 demon- 
strate that the acetylated cerebroside (II) was a pen- 
tacetyl derivative, but that the reduced derivative 


TABLE 3. Properties oF DIACETYLSPHINGINE 


N Melting Ry 
Point Value 
per cent 
Calculated : C2:H4s0;N (369.6) | 3.80 | 105°-106°C* 0.45* 
Found: Compound (IV) 3.89 | 100°-104°C 0.45 


* Melting point and R; value of the authentic compound. 
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Fic. 1. Infrared spectra of cerebrosides (I), acetylated cerebrosides (II), and 
reduced acetylated cerebrosides (III). The KBr blank is also shown. 


(III) was predominantly a tetracetyl derivative but 
did contain some pentacetyl compound. Hence it is 
clear that approximately one acetyl group was lost 
during hydrogenolysis. The reduced compound (III) 
was a mixture of tetracetyl and pentacety! derivatives 
because the extent of hydrogenolysis was 84 per cent. 

Hydrolysis of the reduced acetylated cerebrosides 
(III) (150 mg.) yielded sphingine and some dihydro- 
sphingosine. These were converted to the correspond- 
ing diacetylsphingine (IV) and _triacetyldihydro- 
sphingosine (V). Crystallization from ethanol yielded 
30 mg. of crystalline diacetylsphingine in about 95 
per cent purity. (The theoretical yield based on 84 
per cent hydrogenolysis would be 39 mg.) Analytical 
data and properties of the diacetylsphingine (IV) are 
given in Table 3. The infrared spectra of compounds 
I to IV and of the authentic sample of diacetylsphin- 
gine (kindly donated by Dr. H. E. Carter, of the Uni- 
versity of Illinois) are shown in Figures 1 and 2. The 
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Fic. 2. Infrared spectra of diacetylsphingine (IV), which was isolated from the 
Gaucher’s cerebroside, and of the authentic diacetylsphingine. 


spectra of the two compounds are essentially identical. 
The slightly lower melting point of compound (IV) as 
compared to the authentic diacetylsphingine was due 
to the presence of a very small amount of the triacetyl- 
dihydrosphingosine (V) (m.p. 100°-102°C) (14). 

The diacetylsphingine from the Gaucher’s cerebro- 
side had the same mobility as the authentic diacetyl- 
sphingine when chromatographed on silicic acid-im- 
pregnated paper. The small amount of triacetyldihy- 
drosphingosine in compound (IV) was visible on the 
chromatograms. These compounds were detected by 
staining with Rhodamine 6G. 

The cerebroside (1) (100 mg.) was hydrolyzed for 
90 minutes in 3N aqueous HCl. After extraction of the 
fatty acids with ether, the aqueous phase was analyzed 
for sugar by paper chromatography and the osazone 
derivative was then prepared. The sugar in the spleen 
cerebrosides migrated exactly as glucose in three dif- 
ferent solvents and yielded an osazone which had the 
same crystal structure as glucosazone. 


Galactose was not detected on the chromato- 
grams. However, if 1 to 5 per cent galactose were pres- 
ent, it is doubtful if this small amount could be 
detected. It is clear then that the presence of small 
amounts of galactocerebrosides cannot be ruled out. 
The enzymatic assay for glucose as performed by 
Rosenberg and Chargaff (5) was not carried out. This 
enzymatic assay is quite specific for glucose but again 
it is doubtful whether it could rule out the presence of 
very small amounts of galactose. 


DISCUSSION 


Normal cerebrosides contain galactose as the major 
sugar, whereas cerebrosides in Gaucher’s disease con- 
tain predominantly glucose (1 to 5). Although Carter 
and Greenwood (6) have shown that in the case of 
phrenosin the galactose is linked to the primary hy- 
droxy! group of sphingosine, there are no experimental 
data to demonstrate that the glucose in the abnormal 
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cerebroside is attached to the same position. In view 
of our observation that galactocerebrosides are hydro- 
lyzed more rapidly with acid than the glucocerebro- 
sides, it seemed important to examine the structure of 
the Gaucher’s cerebroside. Such a study would more 
fully elucidate the nature of the molecular defect in 
Gaucher’s disease. In addition to the sugar component, 
a study of the nature of the fatty acids and the con- 
figuration of the double bond in sphingosine of the 
Gaucher’s cerebroside was carried out. 

The result of these studies conclusively shows that 
the major sugar in this particular Gaucher’s cerebro- 
side is glucose and that it is attached to the primary 
hydroxyl group of sphingosine. Furthermore, the 
double bond in the sphingosine moiety has the trans 
configuration, since on reduction the band at 10.3 yp. is 
markedly diminished (Fig. 1). These structural fea- 
tures are identical to those of the galactocerebroside 
phrenosin (6, 15) and sphingosine (16, 17). 

With regard to the fatty acids on the cerebrosides, 
this study for the first time gives a detailed analysis 
of these constituents in Gaucher’s disease. It is clear 
that the cerebrosides are heterogeneous with respect to 
the fatty acids and are to be considered as a family of 
compounds. The major cerebrosides in this case are 
lignoceryl, behenyl, and palmityl derivatives. The 
stearyl and arachidyl derivatives are minor com- 
ponents. How these acids compare to the acids in 
normal human spleen cerebrosides cannot be ascer- 
tained at the present time since similar detailed 
studies have not been carried out on normal persons. 
In our hands attempts to isolate a sufficient amount of 
pure cerebrosides from the spleens of five normal 
humans have been unsuccessful because of the small 
amount of cerebroside which is present. 

Recently Rosenberg and Chargaff (5) have reported 
that a cerebroside isolated from a person with Gauch- 
er’s disease might be a behenyl derivative. However, 
their assumption was based on elementary analysis 


and on the yield of mixed fatty acid esters. These 
data cannot distinguish the type of fatty acids present 
but only give the average chain length of the mixture. 
In our case, and very likely in theirs, the average fatty 
acid chain length was 21 to 22 carbon atoms. 

The elucidation of molecular diseases must in the 
final analysis depend on precise chemical data. The 
work reported here is aimed toward this end. 
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SUMMARY 


A method is described for obtaining a lipase emulsion from castor beans which rapidly 
hydrolyzes all of its endogenous substrate at an optimum pH of 4.0 to 4.2. The course of 
hydrolysis can be described by a first-order reaction; no additives are required for activity and 
the reaction goes to completion in less than 1 hour. The enzyme emulsion (oil-in-water) is 
stable for at least 2 weeks in a pH 7.0 phosphate buffer containing added cysteine and 
ethylenediaminetetraacetic acid; it is rather heat stable, but the activity is lowered by 
mechanical shaking. Reagents that react with sulfhydryl groups inactivate the enzyme; the 
inhibition by mercuric ion and p-chloromercuribenzoic acid can be reversed with an excess of 
cysteine. The lipase emulsion is not inhibited by diisopropylfluorophosphate in concentrations 
lower than 0.01 M, nor by protamine sulfate and heparin in relatively high concentrations. It 


is inhibited by 0.01 M fluoride. 


—_— there is an extensive literature on the 
action of seed lipases on their own substrates in situ 
(1, 2, 3) and of partially purified enzymes on a variety 
of substrates (4), there is no information on the be- 
havior of the partially purified lipases on their own 
natural substrates. In most instances the source of 
lipase was oil-free tissue (5), but even when the 
original tissue was used, an excess of additional sub- 
strate was added; it is the hydrolysis of this added 
substrate which was followed. 

Seed lipases might well be studied by starting first 
with crude systems and endogenous substrates. There- 
after any modifications in the enzyme system during 
purification can be detected by comparison of its be- 
havior with that of the crude enzyme on its endogenous 
substrate. The lipase in castor beans (Ricinus com- 
munis) is particularly suitable for study of the crude 
system since this enzyme is reported to have its opti- 
mum activity at acid pH. Hence the operations of 
isolation of the enzyme and substrate can be carried 
out at neutral pH with no hydrolysis taking place. 

One of the difficulties in studying this enzyme has 
been the presence of allergens in the pomace (6, 7). 
Instances are known in which investigators became 
allergic to this material and were required to terminate 


* Presented in part at the 134th National Meeting, American 
Chemical Society, Chicago, September 7-12, 1958. 


their research on the lipase at an early stage. It is 
possible to minimize this problem by extraction of 
the kernel with water or buffer followed by high speed 
centrifugation: the oil and a small amount of protein 
float to the top and the bulk of the proteins remain in 
the underlayer which is discarded. The fatty layer 
contains the lipase: this can easily be demonstrated 
by adjusting the pH to around 4, whereupon there is 
rapid and complete hydrolysis of the oil. 

This is a report of the properties of the crude lipase 
of castor bean acting on its own endogenous substrate. 
The hydrolysis can be described as a first-order reac- 
tion throughout the range of substrate concentration 
with a maximum rate between pH 4 and 4.2. The en- 
zyme in the presence of substrate is relatively heat 
stable; it is inhibited by reagents which react with 
sulfhydryl groups. Adjustment of pH is all that is 
necessary for activation of the enzyme; no additional 
calcium ion, other salts, or serum albumin are required 
for activity. 


MATERIAL AND METHODS 


Seed. Castor beans (Ricinus communis), Cimmarron 
variety, were used unless otherwise indicated. The 
seeds were two years old when obtained; they were 
stored at 15°C until used. 
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Preparation of Lipase Emulsion. The castor beans 
were soaked in water overnight at 4°C; all subsequent 
operations in preparing the lipase emulsions were also 
carried out at this temperature. The swollen seeds, 
containing about 20 per cent water, were dehulled, 
ground with sand in 20 ml. of extraction medium 
(0.05 M cysteine, 0.1 M phosphate buffer, pH 7.0, 
0.01 M EDTA! per 20 to 25 g. of beans), and filtered 
through cheesecloth. This operation was repeated 
twice; the extracts were combined and centrifuged at 
11,000 < g for 30 minutes. The thick fatty layer was 
removed by spatula, mixed with 2 volumes of the same 
buffer, and stored at 4°C until used. These lipase 
emulsions contain about 24 per cent lipid and 1 per 
cent protein. It is interesting to note that the ratio of 
protein to fat is 0.04, which is in the same range as 
that reported for chylomicrons (8). 

Measurement of Activity. Two ml. of the lipase 
emulsion and 4 ml. of water were stirred by magnetic 
stirrer for 10 minutes at room temperature (24°C) 
in order to bring the test mixture into temperature 
equilibrium. This treatment did not impair the enzyme 
activity. An aliquot was withdrawn for analysis of 
initial ester (glycerides) content and 4 ml. of buffer 
at the same temperature was added to adjust to pH 4 
(unless stated otherwise), thus starting the reaction. 
Samples for analysis were withdrawn at stated inter- 
vals and were pipetted into 10 ml. alcohol-ether (1: 
3, v/v), which was then boiled to coagulate the pro- 
tein. These solutions were filtered through sintered 
glass to remove precipitated protein and evaporated 
on a steam cone to dryness. The dry fat was then taken 
up in 15 ml. of dry peroxide-free ether (the ether was 
always freshly purified by passage over a column of 
activated alumina), 0.3 ml. each of 2.5 per cent solu- 
tions in alcohol of hydroxylamine hydrochloride and 
sodium hydroxide were added, and the flasks placed 
in a water bath at 60°C until the ether was evap- 
orated, and then held there for an additional 10 sec- 
onds to complete hydroxamate formation. Five ml. of 
ferric perchlorate (0.32 per cent in alcohol, prepared 
fresh daily) was added and, after waiting at least 20 
minutes for maximum color development, the absorp- 
tion of the samples was read in a spectrophotometer 
at 520 mp. 

This procedure for ester content is based on the 
formation of a ferric hydroxamate-fatty acid com- 
plex (9, 10). Methyl ricinoleate was the standard 
used for calibration of the analytical procedure. 

The following abbreviations are used in the text: EDTA, 
ethylenediaminetetraacetic acid; NEM, N-ethylmaleimide; 


PCMB, p-chloromercuribenzoie acid; and DFP, diisopropyl- 
fluorophosphate. 


The relative rate of hydrolysis was obtained from 
the first-order rate constant as is described in the next 
section. 


RESULTS 


Rate of Hydrolysis. The course of hydrolysis in a 
typical reaction is given by the experimental points in 
Figure 1. When the logarithm of the ester concen- 
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ESTER CONCENTRATION (mg/ml) 


1 l 
0 L i 
TIME (min) 
Fic. 1. Hydrolysis of endogenous castor oil by crude castor 
lipase at pH 4.5 in acetic acid-sodium acetate buffer. Reaction 


flask contained 2 ml. lipase emulsion, 4 ml. water, and 4 ml. 
buffer. The scale at the left is for curve B. 


tration is plotted against time elapsed from the start 
of the reaction, the experimental points fall on a 
straight line (A, Fig. 1). The relative lipase activity 
(k/2.303) is given by the first-order rate constant, 


k logS, — logS; 


res = : , where §, is the original ester 


concentration and §; is the ester concentration at time, 
t; the initial rate of hydrolysis may be calculated by 
multiplying the rate constant by the initial ester con- 
centration. For the data in Figure 1 the initial rate is 
6.2 mg. of ester per ml. per minute. Line B (Fig. 1) 
was calculated from the rate constant obtained from 
the data in curve A (Fig. 1); the open circles are the 
experimental points. 
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From these data it is evident that hydrolysis in this 
system is rapid and complete; no added fatty acid 
acceptor is needed, nor was there any evidence of rever- 
sal of hydrolysis. The course of hydrolysis is described 
by first-order kinetics over practically the entire range 
of substrate concentration. Such behavior differs from 
hydrolysis of fats by pancreatic lipase in which the 
relative rate of the reactions sharply decreases in the 
order: triglyceride — diglyceride; diglyceride — mono- 
~glyceride; and monoglyceride — glycerol (11). It is 
possible that the rate-limiting reaction in the hydroly- 
sis by castor bean lipase is the step: triglyceride > 
diglyceride. Under such circumstances the reaction 
would have the same type of kinetics throughout the 
entire range of substrate concentration. 


pH Optimum. The effect of pH on the relative rate 
of hydrolysis was obtained by using a number of 
different acetate and phosphate buffers. The optimum 
pH is in the range of 4.0 to 4.2. This is a little lower 
but in general agreement with the work of previous 
investigators who listed the optimum pH to be in the 
range of 4.5 to 5.0 (12, 13, 14). 

Stability. The problem of stability in a system 
containing both enzyme and substrate must take into 
account both the hydrolysis of the substrate prior to 
testing and the stability of the enzyme. A comparison 
was made of the stability of substrate in two different 
media used for extraction and preparation of the 
lipase emulsion. Hydrolysis of endogenous substrate 
was rather rapid in an unbuffered medium adjusted 
initially to pH 7 with sodium hydroxide; the ester 
content was reduced from 22 to 5 mg. per ml. in 6 days. 
The substrate was stable for over a week in a cysteine- 
sodium hydroxide buffer. 

The enzyme activity is stable in buffered media for 
at least 14 days; there does not seem to be any ad- 
vantage in adding cysteine to a buffered solution. The 
combination of phosphate buffer (0.1 M, pH 7), eys- 
teine (0.05 M), and EDTA (0.01 M), however, gave 
a somewhat higher rate; hence this was used as the 
standard medium in preparing the lipase emulsions. 

The inclusion of cysteine was suggested by reports 
that some other plant lipases (15) are sensitive to 
sulfhydryl reagents and are stabilized by cysteine. The 
combination of EDTA and cysteine was prompted by 
its successful use in stabilizing papain (16). 

Mechanical Stability. Each determination of lipase 
activity in these experiments was made on a separate 
vial of lipase emulsion which was stored undisturbed 
until assayed. This same stability was not observed 
when, in the course of experiments on successive days, 
aliquots of lipase emulsion were removed from a single 


J. Lipid Research 

April, 1 
preparation kept in a stoppered glass cylinder and 
shaken well before withdrawal of each aliquot. This 
suggested that the lipase was unstable to even this 
small amount of shaking. There was also the possi- 
bility that the renewal of oxygen which took place 
when the aliquot was withdrawn was a factor in re- 
duction of activity. 

To test these points, a freshly prepared standard 
lipase emulsion was divided into three parts: One-third 
was distributed as 2 ml. portions in 5 ml. capacity 
vials, stoppered, and stored at 4°C without further 
shaking; one-third was distributed into similar vials 
and placed on a slowly rocking apparatus at 4°C for 
continuous agitation; the remaining third was retained 
in the graduated cylinder at 4°C and shaken and 
opened twice or more daily to simulate normal sam- 
pling procedure. The results showed conclusively that 
the enzyme preparation is sensitive to shaking with or 
without renewal of the air above the emulsion. The 
enzyme in vials which were undisturbed retained 
activity for 18 days, whereas the other two groups 
kept for the same length of time decreased in activity 
46 and 61 per cent, respectively. In view of this find- 
ing, samples from freshly prepared lipase emulsions 
were distributed into separate vials and stored undis- 
turbed until tested. 

Stability to Heating. Flasks containing the castor 
bean lipase emulsion, still at pH 7.0, were set in water 
baths at designated temperatures and time intervals, 
then immediately immersed in ice baths to reduce the 
temperature quickly. Afterward the flasks were placed 
on a magnetic stirrer, the buffer was added to initiate 
the reaction, and the rate of hydrolysis was measured 
in the usual way. The effect of length of heating at 
various temperatures on inactivation of the enzyme 
is shown graphically in Figure 2. It is noteworthy that 
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Fic. 2. Heat stability of crude castor lipase emulsion. The 
abscissa indicates the length of time heated at each tempera- 
ture. 
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the castor lipase in the fatty layer seems rather heat 
stable: only about 20 per cent of the activity was lost 
by heating at 60°C for 30 minutes at pH 7.0. No ac- 
tivity was lost on standing for 60 minutes at 24°C. 

Effect on Activity of Soaking of Castor Beans. Since 
some seeds, e.g., peanut and cottonseed (17), exhibit 
little or no lipolytic activity in vitro but assume such 
activity on germination, the question arose whether 
the presoaking of the castor beans in water even at 
4°C might be inducing germination with a subsequent 
increase in lipase activity. Lipase emulsions prepared 
from presoaked and unsoaked beans were tested for 
activity in the usual way. There was little difference 
in relative activity, the rates being 0.092 and 0.076 
log units per minute, respectively. Presoaked beans 
were much easier to dehull; hence presoaking was 
included as part of the standard procedure. 

Effect of Variety and Age of Seed. There is a de- 
crease in lipase activity of castor beans on long stor- 
age: the relative activity of the enzyme from two- 
year-old beans was 0.064 log units per minute, and 
after another year of storage of the beans, it was 
0.036. A fresh sample of castor beans (less than one 
year old), Baker 296 Inbred variety, had a relative 
enzyme activity of 0.065 log units per minute. 

Effect of Metal Ions. Various metals, as the acetate 
salts, adjusted to pH 6.0 to 7.0, were incubated with 
the lipase emulsion containing no cysteine or EDTA 
for 10 minutes. Then the pH was lowered and the 
activity measured with the results as summarized in 
Table 1. Ferrie iron, zinc, and magnesium ions in the 
concentrations listed had no effect on the enzyme. 
Calcium ion inhibited but slightly at the high concen- 
tration. It accelerated the reaction at lower concen- 
trations but not to the extent reported for other lipases, 
for example, pancreatic lipase (18). Copper ion (Cu?*) 
inhibited at the higher concentration; lead produced 
slight inhibition. The most powerful inhibitor of the 
group tested was mercuric ion, which produced 67 per 
cent inhibition at a concentration of 6 « 10-° M. 

Effect of Additives. The influence of various other 
additives on the activity of the lipase emulsion was 
studied in a similar manner with results as given in 
Table 2. Serum albumin, which acts as a fatty acid 
acceptor for lipoprotein lipase (19), had no effect on 
the rate or course of hydrolysis over a wide range of 
concentration. Though it had no effect on the rate of 
reaction, serum albumin did have a visible effect on 
the appearance of the emulsion; when it was present 
in the reaction mixture, the emulsion appeared to be 
more stable physically. Protamine and sodium hepar- 
inate inhibit lipoprotein lipase of adipose tissue (20), 


but neither had any influence on the activity of this 
enzyme. 

Sodium fluoride (0.01 M) inhibited the activity of 
castor bean lipase. This behavior is in accord with the 
reported inhibition of other lipases by fluoride (21, 
22). Cyanide did not inhibit in the concentration used. 

PCMB produced complete inhibition at 0.001 M 
concentration. Inhibition by NEM, much less potent 
in this instance than PCMB, seemed to depend upon 
the time of incubation. Cysteine completely reversed 
the inhibition by PCMB; it also reversed inhibition 
by mercuric ion. This evidence is suggestive that at 
least one —SH group is involved in the functional 
activity of the lipase. 

DFP, a powerful inhibitor of some hydrolases, does 
not inhibit pancreatic lipase and in some concentra- 
tions even appears to stabilize the enzyme (23), pre- 
sumably protecting it from destruction by other 
enzymes present in the crude preparation. DFP in- 
hibited the castor bean lipase emulsion, but only 
incompletely and in much higher concentrations than 
needed normally; 0.02 M and higher as compared to 
10° M and lower reported for other enzymes. 


TABLE 1. Errecr or Metat Ions on Hypbrotysis OF 
ENDOGENOUS SuBSTRATE BY Lipase EMULSION * 


Metal Concentration Relative Activity 
M Per cent 
None 100 
Catt 76 
6 xX 10-3 100 
137 
6 X 10-4 124 
Zn*+ 6 10-4 99 
Fet++ 6 X 10-4 94 
1 10-3 101 
Pb** 6 X 10-4 86 
Cutt 1x 54 
6 X 10-4 91 
6 10-5 107 
Hg*+ 16-4 28 
6 X 1075 33 
3 87 
6 X 10-5 111 


* Each flask contained 2 ml. of lipase emulsion prepared in 
0.1 M Tris buffer (pH 7.2), a solution of the metal ion, and water 
to make a total of 9.5 ml.; this mixture was incubated for 10 
minutes; the reaction was initiated by addition of 0.5 ml. of 
0.5 M acetate buffer (pH 4.0). 


| 
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TABLE 2. Errect oF AppITIVES ON ENDOGENOUS 
Hyprotysis By Lipase Emvutsion * 

Length | Relati 
Additive Concentration of Incu- pees 
bation 
per cent 
None 100 + 
Serum albumin 0.5-2.0%% 10 min. 100 
Protamine sulfate 150-300 wg./ml. | 10 min. 100 
Heparin, sodium salt 1 mg./ml. 10 min. 100 
N-Ethylmaleimide 0.002 M 15 min. 79 
0.002 M 18 hrs. 53 
0.004 M 18 hrs. 46 
p-Chloromercuri- 
benzoic acid 0.001 M 30 min. 0 
p-Chloromercuri- 
benzoic acid t 0.001 M 30 min. 100 
Diisopropylfluoro- 
phosphate 0.2 M 18 hrs. 31 
0.025 M 18 hrs. 50 
0.01 M 18 hrs. 106 
Cyanide § 0.005 M 10 min. 92 
Fluoride § 0.01 M 10 min. 41 


* Each flask contained 2 ml. of lipase emulsion prepared in 
0.1 M phosphate buffer (pH 7.0), a solution of additive, and 
water to make a total of 6 ml.; this mixture was incubated for 
the length of time indicated; the reaction was initiated by addi- 
tion of 4 ml. of 0.1 M acetate buffer (pH 4.0). 

+ Appropriate controls with no additives, incubated for the 
same lengths of time, were used in calculating relative activity. 

t After 30 minutes of incubation, 0.005 M cysteine was added; 
30 minutes later buffer was added to initiate the reaction. 

§ Enzyme prepared in Tris buffer. 


DISCUSSION 


The procedure for isolation of the enzyme, together 
with its substrate, seems to provide a complete lipase 
system. This is reflected in the rapidity of the reaction 
and its completeness without additives. In much of the 
literature on seed lipases, reactions are carried out for 
periods of 2 hours to as long as 10 days. It is question- 
able whether the hydrolytic changes that take place 
in some of the longer periods are mediated by physio- 
logical enzyme systems; more likely these are vestiges 
of enzyme systems. This system also seems to have a 
greater stability to water. Moulé (24) has reported 
that incubation of castor bean pomace in water at 
20°C for 1 hour destroyed 90 per cent of its lipase 
activity; but in the experiments presented here there 
is no evidence of such extraordinary instability to 


J. Lipid Research 

April, 1960 
water, either during storage of the lipase emulsion or 
during measurement of rate of hydrolysis. Whether 
the stability of our preparation is due to the presence 
of substrates or to the method of preparation, which 
does not involve prior removal of fat, cannot be 
stated from this work. 

Examination of the active emulsions under the 
microscope and with the use of water- and oil-soluble 
stains, before and after adjustment to acid pH, indi- 
cated that the emulsions are of the oil-in-water type. 
A freshly prepared lipase emulsion will “cream” after 
standing for several hours. Nevertheless, this will 
quickly reconstitute on mixing. When the lipase emul- 
sion has been shaken for several weeks or heated as 
described previously, it will take on an oily appear- 
ance. We have not been able to associate directly this 
weakening in the emulsifying activity with lowering 
of lipase activity. The two seem to go hand in hand in 
experiments on shaking or heating, but it is possible 
to inhibit the lipase activity entirely by addition of 
mercuric ion or of PCMB without interfering with its 
emulsifying properties. 

There seems to be every indication that sulfhydryl 
groups are part of the active system of the enzyme. 
Although it is not necessary to have cysteine or other 
reducing agents present for full activity of the enzyme, 
there is more activity in its presence and with EDTA. 
It is entirely possible that when the substrate is re- 
moved, cysteine or some other reducing agent will be 
needed to maintain activity, just as similar reducing 
agents are needed for maintenance of activity of 
papain (16). The effect of EDTA might be to remove 
interfering ions, such as copper, which were demon- 
strated to have an inhibitory effect. The fact that the 
enzyme is not inhibited by EDTA is also presumptive 
evidence that no metal coenzymes are part of the 
system. 

The lipase system described herein can obviously 
serve only as a guidepost for further purification of 
the enzyme. Preliminary experiments (25) have shown 
that it is possible to remove the substrate from the 
lipase emulsion by extraction with ether in the pres- 
ence of saturated salt solution. The resulting prepara- 
tion catalyzes hydrolysis of glycerides of long-chain 
fatty acids without addition of emulsifiers or fatty 
acid acceptors; here too the course of the reaction can 
be described by first-order kinetics. 


The authors wish to thank Mr. Don 8. Bolley, of 
The Baker Castor Oil Company, for the supply of 
castor beans. 
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Fat metabolism in higher plants: x11. phosphatidic 
acid synthesis and diglyceride phosphokinase activity 
in mitochondria from peanut cotyledons’ 
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SUMMARY 


A phosphatidic acid is the major lipid to become labeled when Pi* (inorganic orthophosphate 
labeled with P*), under conditions of oxidative phosphorylation, or ATP® is fed to mito- 
choline and phosphatidylethanolamine in the mitochondria obtained a much higher level of 
P32, the only cofactor required was Mg++. The stimulation of phosphatidic acid synthesis by 
an a-diglyceride provided support for the view that this synthesis is due to diglyceride 
phosphokinase activity in the mitochondria. Evidence is also presented that this enzyme 
preparation is capable of phosphorylating a-monoglycerides with the formation of monoacy] 
phosphatidic acids. When Pi* was added to slices of peanut cotyledons, the phosphatidyl- 
choline and phosphatidylethanolamine in the mitochondria obtained a much higher level of 
radioactivity than that observed in experiments with the isolated mitochondria. 


= and Stumpf (1) have shown that 
fresh mitochondria from the cotyledons of germinating 
peanut seedlings are capable of incorporating Pi*? 
(inorganic orthophosphate labeled with P®*) into a 
phospholipid fraction. The labeled phospholipid was 
not identified, but it was established that the first step 
on the pathway of Pi** incorporation was the esterifi- 
‘ eation of Pi*? into ATP**.t Fresh, frozen, or lyophilized 
mitochondria were able to incorporate label from 
ATP** into the phospholipid fraction and the only co- 
factor required by these systems was Mg**. Evidence 
is presented in the present paper to show that the 
labeled phospholipid is a phosphatidic acid and that 
the incorporation of label from ATP*? into this lipid 


* Supported in part by Grant-in-Aid G-4582 from the National 
Science Foundation. 

+ Present address: Department of Biochemistry, University 
of Wisconsin, Madison 6, Wisconsin. 

t The following abbreviations have been used: ATP, ade- 
nosine triphosphate; ADP, adenosine diphosphate; CTP, cyti- 
dine triphosphate; CMP, cytidine monophosphate; FAD, flavin 
adenine dinucleotide; DPN, diphosphopyridine nucleotide; 
TPN, triphosphopyridine nucleotide; Co A, coenzyme A; 
GSH, reduced glutathione; GP, glycerophosphate; GPE, gly- 
ceryl phosphoryl ethanolamine; GPC, glyceryl phosphory] cho- 
line; Pi*, inorganic orthophosphate labeled with P* (Pi* 
solutions were obtained from the Department of Radiation 
Safety, University of California, Berkeley); ATP®, adenosine 
triphosphate labeled in the terminal phosphate group with P®. 


is due to diglyceride phosphokinase activity in the 
mitochondria. 


MATERIAL AND METHODS 


Preparation of ATP**. ATP, terminally labeled with 
P8?, was prepared from ADP and Pi**? by means of 
the photophosphorylative activity of isolated spinach 
chloroplasts. The isolation of the chloroplasts and the 
reaction conditions used were closely similar to the 
methods described by Arnon et al. (2).1 Each reaction 
mixture contained 12 pmoles ADP, 10 pmoles Pi** 
(1 to 2 me.), 80 pmoles Tris buffer pH 8.1, 10 pmoles 
sodium ascorbate, 10 pmoles MgCl, 0.3 »moles mena- 
dione, and chloroplasts (containing 0.5 to 1 mg. chlor- 
ophyll) in a total volume of 3 ml. The reaction 
mixtures were illuminated for 30 minutes at 15°C. 
Over 95 per cent of the Pi*? was incorporated into 
ATP*®* under these conditions. The 10 pmoles of 
ATP**, containing 1 to 2 me. of P®*, was usually 
diluted with 50 pmoles of nonradioactive ATP prior 
to the following isolation steps. The removal of the 
chloroplasts from the reaction mixture by high speed 
centrifugation and all the subsequent preparative steps 

* Acknowledgment is due to Drs. J. Bove and F. R. Whatley 


for instruction in the preparation of ATP® using spinach 
chloroplasts. 
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were carried out at 0°C. The ATP* was precipitated, 
at neutral pH, as its dibarium salt by the addition of 
a suitable excess of barium acetate to the chloroplast- 
free supernatant solution. After two washings with 
demineralized water, the precipitate was dissolved in 
the minimum volume of 0.5 N hydrochloric acid and 
barium ions were removed by the addition of sufficient 
Dowex 50 (H* form). The resin was removed by cen- 
trifugation and the ATP*? solution was carefully 
neutralized to pH 7 with M sodium hydroxide. No 
attempt was made to remove the slight excess of un- 
labeled ADP or the traces of unchanged Pi*? from 
the preparation. The ATP? was stored at —15°C 
until required. 

Plant Material. Peanuts were germinated in moist 
vermiculite in the dark at 25°C. Mitochondria were 
prepared, as described by Stumpf (3), from the 
cotyledons obtained from 3- to 7-day-old seedlings. 
The mitochondria, suspended in 0.1 M Tris, 0.5 M 
sucrose, pH 7.2, were either used immediately or were 
stored at —15°C until needed. 

Reaction Conditions. The mitochondria were usu- 
ally incubated at 30°C for 60 minutes in a reaction 
mixture containing 0.1 M Tris, 0.5 M sucrose buffer, 
of pH 7.2. When ATP** was employed as the source 
of P**, the only cofactor required was Mg**. In some 
experiments with freshly prepared mitochondria, Pi** 
was used and these systems required, in addition, an 
adenine nucleotide, oxygen, and a tricarboxylie acid 
cycle intermediate. The precise reaction mixtures used 
are shown in the appropriate tables. Potassium fluor- 
ide, in a final concentration of 0.1 M, was commonly 
included since it was found to increase the incorpora- 
tion of label into phospholipid, presumably by means 
of its inhibition of adenosine triphosphatase. 


Lipid Extraction and Analysis. At the end of the 
reaction period the mitochondria were precipitated by 
the addition of 2 ml. of 10 per cent trichloroacetic 
acid. After centrifugation, the precipitate was washed 
twice with aliquots of 5 per cent trichloroacetic acid 
and the lipids were then extracted and washed by 
means of the methods of Kennedy (4), as modified by 
Mazelis and Stumpf (1). 

Aliquots of the lipid extract were counted with a 
Nuclear-Chicago gas-flow counter fitted with a micro- 
mil window. 

Portions of the lipid extracts were chromatographed 
on Whatman 3MM paper impregnated with silicic 
acid, according to the method of Lea et al. (5). The 
developing solvent was diisobutyl ketone:acetic acid: 
water (40:30:7, v/v/v) (6). 

Deacylation of the phospholipids was carried out 


PHOSPHATIDIC ACID SYNTHESIS IN PEANUT MITOCHONDRIA 215 


by reaction with 0.1 N methanolic potassium hydrox- 
ide at 37°C for 15 minutes, according to the method 
of Dawson (7) as modified by Benson and Maruo (8). 
After removal of the excess potassium ions by Dowex 
50 (H* form) and the subsequent removal of the resin, 
the phosphate esters were chromatographed in two 
dimensions on acid-washed Whatman No. 1 paper. 
The developing solvents were water-saturated phenol 
and n-butanol : propionic acid : water (142 : 71 : 100, 
v/v/v). In addition, methyl! cellosolve : methyl ethyl 
ketone : 3 N ammonium hydroxide (7 : 2 : 3, v/v/v) 
and isobutanol : picrie acid : water (80 ml. : 2 g. : 20 
ml.) were occasionally used for one-dimensional chro- 
matography. 

Phosphates were detected on paper by the modi- 
fication of the Hanes and Isherwood procedure (9) 
described by Bandurski and Axelrod (10). Lipids were 
demonstrated with 0.001 per cent aqueous Rhodamine 
B (11) and compounds with an amino group were 
located with 0.2 per cent ninhydrin in acetone. 

Radioactive compounds were detected on paper by 
radioautography with Kodak “No Screen” X-ray film. 


RESULTS 


In some preliminary experiments the results of 
Mazelis and Stumpf (1), concerning the necessary 
conditions for the incorporation of and ATP** 
into phospholipid by peanut mitochondria, were con- 
firmed. The stimulatory effect of Mg** upon the 
incorporation of label from ATP* into phospholipid 
by frozen peanut mitochondria was again demon- 
strated. There was some residual activity in the 
absence of added Mg** and this was probably due to 
Mg** contained in the mitochondria. Mazelis and 
Stumpf (1) showed that this residual activity could 
be abolished by the addition of versene to the enzyme 
system and that activity could be restored by the 
subsequent addition of either Mg** or Mn**. The effect 
of high concentrations of Mg** in the reaction mixture 
was not investigated. Mg** was the only cofactor 
required for the incorporation of label from ATP** 
into the phospholipid by fresh or frozen mitochondria. 
The incorporation of Pi**, on the other hand, only 
occurred under conditions favorable for oxidative 
phosphorylation, i.e., with fresh mitochondria, Mg**, 
an adenine nucleotide, a tricarboxylic acid cycle inter- 
mediate, and oxygen. 

Identification of the Labeled Phospholipid. The 
main aim of the present study was to identify the 
phospholipid(s) which became labeled in peanut 
mitochondria under the experimental conditions de- 
scribed by Mazelis and Stumpf (1). 
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When portions of the lipid extract were chroma- 
tographed on silicic acid-impregnated paper with di- 
isobutyl ketone-acetic acid-water as the developing 
solvent, approximately 80 to 90 per cent of the radio- 
activity ran with an R, value of 0.78. This mobility 
most closely resembles that of a diacyl phosphatidic 
acid, for which Ry values of 0.72 (6) and 0.84 (12) 
have been reported. The remaining 10 to 20 per cent 
of the radioactivity had an Ry of 0.52. 

Aliquots of the lipid extract were deacylated by the 
method described and the residual phosphate esters 
were chromatographed both in one and in two dimen- 
sions on acid-washed Whatman No. 1 paper. Between 
96 and 99 per cent of the radioactivity was located in 
a single spot, which was identified as a-glyerophos- 
phate by cochromatography with authentic L,a-glycero- 
phosphate? in the four solvents used. This compound 
was finally proved to be a-glycerophosphate by peri- 
odate oxidation according to the method of Baddiley 
et al. (13). Chromatography of the oxidation products 
on Whatman No. 1 paper, with isobutanol : picric 
acid : water as the developing solvent, showed that 
the radioactivity had entirely disappeared from the 
a-glycerophosphate position (R¢ 0.23) and now co- 
chromatographed precisely with the glycolaldehyde 
phosphate (R; 0.51), which was formed by the simul- 
taneous periodate oxidation of the standard a-glycero- 
phosphate. This identification of a-glycerophosphate 
as the product of deacylation identifies the original 
radioactive lipid as being a phosphatidic acid. This 
finding is consistent with the observed mobility of 
the lipid on silicic acid-impregnated paper, as de- 
scribed earlier. 

It should be noted that the methods used would 
clearly differentiate a phosphatidic acid from bisphos- 
phatidic acids and from phosphatidyl glycerols. Dea- 
cylation of the two latter groups of compounds would 
yield, in both cases, glycerol phosphoryl glycerol, 
which would be readily separated from a-glycerophos- 
phate under the paper chromatographic conditions 
employed. 

The fact that over 96 per cent of the label of the 
deacylated phosphate esters was in a-glycerophosphate 
indicates that the lipid, which contained 10 to 20 per 
cent of the radioactivity in the original lipid extract 
and which chromatographed with an Ry of 0.52 in the 
silicic acid system, must also give rise to some e- 


* Thanks are due to Dr. C. E. Ballou for samples of a- and 
8-glycerophosphate; to Dr. E. Baer for samples of dipalmitoy] 
L,a-glycerophosphorie acid and 1L,@-glyceryl phosphoryl! ethano- 
lamine; to Dr. D. J. Hanahan for samples of glyceryl phos- 
phoryl choline, ¢,8-diglyceride (Cis unsaturated) and phospha- 
tidylinositol; and to Dr. J. G. Marr for a sample of a-mono 
palmitin. 
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glycerophosphate upon deacylation. These facts have 
been taken to indicate that part of the radioactivity 
at this position on the silicic acid-impregnated chro- 
matogram is due to a monoacyl phosphatidic acid. 
Further evidence in support of this suggestion is pre- 
sented below. 

Small amounts of radioactivity (less than 4 per 
cent) in the deacylated extract were found in a com- 
pound which was identified as glyceryl phosphoryl 
ethanolamine by cochromatography with the authentic 
substance. From the known mobility of the parent 
phosphatidylethanolamine, from which this phosphate 
ester is derived, it has been concluded that labeled 
phosphatidylethanolamine contributes some _radio- 
activity to the radioactive lipid spot which has an Ry 
of 0.52 on the silicic acid-impregnated paper. This 
lipid spot would then consist of a mixture of a 
monoacyl phosphatidic acid and _ phosphatidyletha- 
nolamine. Attempts were made to stimulate the in- 
corporation of label from ATP** into phosphatidyl- 
ethanolamine by the inclusion of CTP, CMP, a,B- 
diglyceride, ethanolamine, and a supernatant protein 
fraction (obtained by 70 per cent ammonium sulfate 
saturation of the supernatant solution which remained 
after removal of the mitochondria from the peanut 
cotyledon homogenate) in the reaction mixtures. The 
incorporation of the radiophosphorus into the phos- 
phatidylethanolamine remained low in all cases, as 
shown in Table 1. 

Traces of radioactivity were occasionally observed 
in other areas on the two-dimensional chromatograms 
of the deacylated lipid extract, but these spots did not 
correspond in position to any well-known phosphate 
esters, and were not identified. 

The evidence indicates, however, that when ATP** 
is fed to mitochondria from peanut cotyledons, the 
main lipid which becomes labeled is a phosphatidic 
acid. There is also a small amount of radioactivity 
in phosphatidylethanolamine. 

Diglyceride and Monoglyceride Phosphokinase Ac- 
tivity. Having identified the labeled phospholipid as 
being predominantly a phosphatidic acid, the next 
step was to identify the step or steps by which P*? 
is incorporated into this compound. The first possi- 
bility to be considered was that the phosphatidic acid 
had arisen via an initial phosphorylation and subse- 
quent acylation of glycerol, as has been described by 
Kornberg and Pricer (14) and by Kennedy (15). 
However, from isotope dilution experiments with un- 
labeled glycerophosphate and from experiments with 
C14-labeled glycerol, Mazelis and Stumpf (1) showed 
that glycerophosphate was not an intermediate in 
the formation of their labeled phospholipid. The ob- 


lin’ 
| 
| 


Volume 1 
Number 3 


TABLE 1. Arrempts To INCREASE P*? INCORPORATION INTO 
CEPHALIN BY Peanut MrrocHonpria * 


Source of 


Pit? ATP? 


Tube Number 1 2 3 4 


epm. in lipid fraction 69,184 | 72,811 | 91,114 


Proportions of P®? in 
GP and GP | 100; 100 100 100 
GPE after deacylation 


of lipid extract GPE 4 4 10 1 


* Tubes 1 and 2 contained 10 ml. fresh mitochondria, MgCl. 
(10 pmoles), GSH (10 ymoles), 1 mg. each of FAD, DPN, TPN, 
ATP, Co A, cytochrome c, ADP (10 ymoles), succinate (20 
wmoles), Pi’? (4 wmoles), and KF (200 wmoles). In addition, 
tube 2 also contained dipalmitolein (5 ymoles), ethanolamine 
(10 umoles), serine (10 umoles), choline (10 wmoles), CTP (0.5 
wmoles), CMP (0.5 umoles) in a total volume of 4.3 ml. Tubes 3 
and 4 contained 1 ml. fresh mitochondria, MgCl. (10 ymoles), 
GSH (10 pmoles), ATP*? (4 umoles), KF (200 umoles), dipalmi- 
tolein (5 wmoles), ethanolamine (10 ymoles), serine (10 ymoles), 
choline (10 zmoles), CTP (0.5 wmoles), CMP (0.5 wmoles) in a 
total volume of 3.7 ml. Tube 4 also contained 1.5 ml. of the 
supernatant solution which remained after removal of the mito- 
chondria from the homogenized cotyledons. All tubes incubated 
at 30°C for 60 minutes. 


jection that the glycerophosphate may not have 
penetrated the mitochondria can be ruled out since 
Stumpf (3) has shown that glycerophosphate is readily 
metabolized by these particles. A second possibility is 
that the phosphatidic acid may have arisen by phos- 
phorylation of a diglyceride by means of a diglyceride 
phosphokinase such as that which has been demon- 
started in particles from guinea pig brain tissue by 
Hokin and Hokin (16). 

The addition of an a,8-diglyceride to the reaction 
mixtures markedly stimulated the incorporation of 
label from ATP*? into the lipid fraction (Tables 2 
and 3). Chromatography of the lipid extract on silicic 
acid-impregnated paper showed that the distribution 
of the radioactivity was essentially the same as that 
obtained in the experiments without added diglyceride, 
i.e., the bulk of the activity ran to the same place as 
the component, which has been identified as a diacyl 
phosphatidic acid, and the remainder chromatographed 
with the fraction which is believed to consist of a 
mixture of monoacyl phosphatidic acid and phospha- 
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TABLE 2. Tue Errects or Di- aNp TRI-GLYCERIDE UPON 
THE INCORPORATION OF P®? From ATP®? INTO 
By Peanut MrrocHonpria * 


Lipid 


Tube Number Extract 


Additions 


moles cpm. 
1 0 43,740 
2 a, B-dipalmitolein 7 82,660 
3 0 22,722 
4 a, B-dipalmitolein 5 40,695 
5 Triolein 5 36,057 
6 Triolein 5 31,027 


* Tubes 1 and 2 contained 1 ml. mitochondrial preparation, 
MgCl, (2 umoles), and ATP* (8 wmoles, 0.1 me.) in a total 
volume of 1.8 ml. Tubes 3, 4, 5, and 6 contained 0.5 ml. mito- 
chondrial preparation, ATP*? (4 ymoles, 40 ye.), MgCl. (10 
umoles), KF (150 ymoles), and GSH (10 wmoles) in a total 
volume of 1.6 ml. All tubes incubated at 30°C for 60 minutes. 


TABLE 3. Errects or Mono-, Di-, AND TRI-GLYCERIDES AND 
OF PHOSPHATIDIC ACID ON THE INCORPORATION OF P32 
rrom ATP®? into Lipip By PEANUT MrrocHonpRria * 


Per Cent of P*? in 
Lipid Fraction on Silicic 
Acid-impregnated 
Lipid 
Additions Paper with of: 
0.78 0.52 
cpm. 

36,419 87.1 12.9 
a, 6-dipalmitolein 77,046 86.4 13.6 
Dipalmitoy] phosphatidic acid | 21,630 58.4 41.6 
a-monopalmitin 28,731 CU: 82.9 
Triolein 99,416 82.4 17.6 


* Each reaction mixture contained 1 ml. mitochondrial prep- 
aration, ATP*? (3 wmoles), MgCl. (10 wmoles), and KF (200 
umoles) in a total volume of 2.3 ml. Ten wmoles of emulsified 
lipids was added appropriately as indicated above. All reaction 
mixtures incubated at 30°C for 60 minutes. 


tidylethanolamine. Deacylation of the lipids showed 
that, as before, almost all of the radioactivity was 
contained in a-glycerophosphate, thus giving a clear 
demonstration of the fact that the diglyceride stimu- 
lated incorporation of label from ATP*? into phospha- 
tidie acid. 

Strong evidence that the radioactive lipid of Rr 
0.52 on the silicic acid-impregnated paper is mainly 
a monoacy! phosphatidic acid was obtained when a- 
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monopalmitin was included in the reaction mixture. 
Although the monopalmitin caused some inhibition 
of the over-all P** incorporation into the lipid fraction, 
over 80 per cent of the incorporated label was now 
found at the position of the suspected monoacyl 
phosphatidic acid (i.e., at Ry 0.52) rather than at the 
position of the diacyl] phosphatidic acid (Rr 0.78) 
(Table 3). Since deacylation of this lipid extract gave 
a-glycerophosphate as essentially the only radioactive 
compound, this effect of the monopalmitin can be 
explained only in terms of monoglyceride phosphokin- 
ase activity to give a monoacy] phosphatidic acid. 

As shown in Tables 2 and 3, the incorporation of 
from ATP** into phosphatidic acid was also 
markedly stimulated by triolein and the proportions 
of label in the diacyl and monoacy! compounds were 
approximately the same as those obtained when 
diglyceride was added. It is suggested that the triglye- 
eride is broken down to a diglyceride which is subse- 
quently phosphorylated, although the triolein was not 
checked for the initial presence of a diglyceride. 

Dipalmitoy] phosphatidic acid was found to inhibit 
the incorporation of label from ATP* into the lipid 
fraction (Table 3). 


Acetone Powders. Acetone powders of the peanut 
mitochondria were prepared by the method described 
by Martin and Stumpf (17). Five per cent suspensions 
of these powders in 0.2 M Tris buffer, pH 7.2, were 
effective in incorporating label from ATP** into 
phosphatidic acid, which was identified by the methods 
described previously. Table 4 shows the stimulation, 
by diglyceride, of the incorporation of the label into 
the lipid fraction. Removal of the insoluble matter 
from the acetone powder suspensions by centrifugation 
gave water-clear extracts which still possessed some 
diglyceride phosphokinase activity, although this ac- 
tivity was much less than that of the suspensions. The 
stimulation of this system by diglyceride is also shown 
in Table 4. 

Slices of Peanut Cotyledons. Experiments were per- 
formed in which Pi*? was added to slices of cotyledons 
obtained from 5- to 6-day-old peanut seedings. Usu- 
ally about 10 g. fresh weight of plant material was 
used and the slices were immersed in approximately 
12 ml. of 0.1 M Tris, 0.5 M sucrose buffer, pH 7.2 con- 
tained in 50 ml. Erlenmeyer flasks. To these systems 
was added 1 to 2 me. of Pi** (pH 7.2, 15 to 30 pmoles). 
The slices were then incubated at 30°C for periods 
which varied from 6 to 18 hours. At the end of these 
periods the slices were washed, mixed with 30 to 40 g. 
of fresh peanut cotyledons, and the mitochondria were 
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separated as described previously. The lipids were 
extracted from the mitochondria and were subjected 
to the same analytical procedures as before. Chroma- 
tography of the phosphate esters obtained after deacy- 
lation of the lipid extract showed five major radio- 
active areas. The R,¢ values of these spots in the phenol 
and butanol-propionie solvents and the proportions 
of radioactivity which they contained, after a typical 
experiment, are shown in Table 5. Three of these 
compounds have been identified as a-glycerophosphate, 
glyceryl phosphoryl ethanolamine, and glyceryl phos- 
phory] choline by cochromatography with the authen- 
tic substances. Both the unknown esters and the 
standard compounds chromatographed as discrete 
spots in this two-dimensional, paper chromatographic 
system. The unknown I has been tentatively identified 
as glyceryl phosphory] inositol because it cochroma- 
tographed with the phosphate ester formed by deacy- 
lation of a phosphatidyl! inositol. The unknown II was 
not identified but its chromatographic properties are 
similar to those of glyceryl phosphoryl glycerol as 
described by Benson and Maruo (8). 


DISCUSSION 


The unknown phospholipid, described by Mazelis 
and Stumpf (1), and which became labeled when 
peanut mitochondria were exposed to Pi®? or to ATP*? 
under suitable conditions, has been identified as a 
phosphatidic acid. The results are similar to those 
which have been described by Hokin and Hokin (18), 


TABLE 4. Errecrs oF Di- aNp TRI-GLYCERIDES ON THE 
INCORPORATION OF From ATP®2 INTO LIPID BY 
ACETONE Powbers oF Peanut MrrocHonprta * 


Acetone Powder 


Suspended Water-clear Extract 
Additions wmoles cpm. Additions wmoles cpm. 


0 4080 0 294 
a, 5 9888 | a, 6-dipalmitolein 5 1264 
Triolein 5 4740 


* With the acetone powder suspension, each reaction mixture 
contained 0.5 ml. enzyme preparation (50 mg. acetone powder 
suspended/ml. 0.2 M Tris buffer, pH 7.2), ATP%? (40 umoles, 
40 wc.), MgCl. (10 ymoles), KF (100 umoles) in a total volume of 
1.3 ml. With water-clear extract, each reaction mixture contained 
0.35 ml.enzyme preparation (50 mg. acetone powder suspended /ml. 
0.2 M Tris buffer, pH 7.2, and insoluble material removed by 
centrifugation), ATP* (4 umoles, 40 yc.), MgCl. (10 wmoles), 
and KF (100 ywmoles) in a total volume of 1 ml. All reaction mix- 
tures incubated at 30°C for 60 minutes. 
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in whose experiments, under conditions of oxidative 
phosphorylation, Pi** was readily incorporated into 
phosphatidic acid by a particulate fraction from 
guinea pig brain hemispheres. The work of Mazelis 
and Stumpf (1) has clearly demonstrated that glyc- 
erophosphate is not an intermediate in this formation 
of phosphatidic acid by peanut mitochondria. The 
stimulation of the phosphatidic acid synthesis by 
diglyceride has provided evidence that this process 
takes place by direct phosphorylation of an a,@-diglyc- 
eride, as shown in the following reaction: 


CH,0-CO-R 
+ ATP — 
CH,0-CO-R 
R-CO-OCH O + ADP 


The only cofactor requirement is for Mg**. The enzyme 
that catalyzes this reaction has been given the name 
diglyceride phosphokinase by Hokin and Hokin (16), 
who showed that such activity was contained in de- 
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oxycholate extracts of microsomes obtained from 
guinea pig brain tissue. The peanut enzyme system is 
also capable of phosphorylating a-monoglycerides with 
the formation of monoacy! phosphatidic acids. 

Further work is required to determine the relation- 
ships of phosphatidic acid synthesis in peanut mito- 
chondria to the metabolism of other phospholipids and 
to the function of the mitochondrion as a whole. From 
their work with guinea pig brain tissue, Hokin and 
Hokin (19) have obtained evidence that phosphatidic 
acid can function as a carrier for sodium ions across 
intracellular membranes. The similarity of behavior 
between the peanut mitochondria and the guinea pig 
particles of Hokin and Hokin, with regard to the for- 
mation of phosphatidic acid by means of a diglyceride 
phosphokinase, might suggest a similar close relation- 
ship in the function of the phosphatidic acid. 

The lipid extracts from the peanut mitochondrial 
experiments usually contained small amounts of radio- 
activity in phosphatidylethanolamine. However, a 
much higher proportion of label in phosphatidylethan- 
olamine was obtained in the mitochondria when Pi** 
was added to slices of the peanut cotyledons (Table 
5). Kennedy (15) has summarized the evidence that 
phosphatidylethanolamine is synthesized in animal 
tissues by means of the steps centered below: 


Ethanolamine + ATP — phosphoethanolamine + ADP 
Phosphoethanolamine + CTP — CMP-phosphoethanolamine + pyrophosphate 
CMP-phosphoethanolamine + a,@-diglyceride — phosphatidyl ethanolamine + CMP 


TABLE 5. RaproactivE PHospHATE Esters OBTAINED 
BY DEACYLATION OF THE LipiIp EXTRACT FROM 
MITOCHONDRIA SEPARATED FROM SLICES OF 
Peanut CoryLepons Exposep To * 


Phosphate | R; in Butanol/Propionie Acid/ | R¢ in 

Ester Water (40/30/7) Phenol 

cpm. 
GP 0.17 0.26 4421 
GPE 0.19 0.57 3526 
GPC 0.23 0.83 693 
I 0.08 0.10 2898 
II 0.13 0.38 1684 


* Ten g. fresh weight of peanut cotyledon slices incubated in 
12 ml. 0.1 M Tris, 0.5 M sucrose, pH 7.2, containing Pi®? (1.7 me., 
28 umoles) at 30°C for 18 hours. Lipids extracted from the mito- 
chondria and then deacylated and residual phosphate esters 
chromatographed on acid-washed Whatman No. 1 paper. The 
cpm. given are those obtained from a typical two-dimensional 
chromatogram of an aliquot of the phosphate esters. 


Accordingly, with isolated peanut mitochondria, at- 
tempts were made to increase the porportion of label 
in phosphatidylethanolamine by the incorporation of 
ethanolamine, CTP, and diglyceride into the reaction 
mixtures. These attempts were not successful. This 
may be due to loss of activity during the preparation 
of the mitochondria, or to the fact that phosphatide 
synthesis in plants follows a different pathway from 
that in animal tissues. 
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SUMMARY 


The tocopherol content of human serum proteins, isolated by density gradient and homoge- 
neous density procedures, was determined by the Emmerie-Engel and phosphomolybdic acid 
methods. Serum tocopherol is found primarily in the lipoproteins. The low density lipo- 
proteins, principally the S; 3-9 lipoproteins, contain a major part of the total serum tocopherol, 
while high density lipoproteins contain the remainder. Serum tocopherol increases after oral 
administration and remains elevated for 24 hours. The increment in serum tocopherol from 
newly absorbed tocopherol is found first in the chylomicron and S; 10-400 lipoprotein fractions. 
A tocopherol peak occurs in these fractions 4 hours after oral administration. This peak is 
followed by an increment in the tocopherol content of the S- 3-9 and high density lipoprotein 
fractions which reaches a maximum plateau in from 8 to 10 hours and remains elevated from 
14 to 16 hours. The distribution of newly absorbed tocopherol is discussed in relation to lipid 
absorption and transport of other lipids by the serum lipoproteins. 


The distribution of tocopherol in the human 
serum lipoproteins has received limited study. There 
appears to be a controversy as to whether tocopherol 
is bound to all the serum proteins (1), bound to low 
density lipoproteins (2), or bound principally to high 
density lipoproteins (3). In the present study the dis- 
tribution of tocopherol in the serum proteins was ob- 
served before, during, and after the oral administra- 
tion of tocopherol to humans. 


METHODS 


Separation of Lipoproteins. Lipoprotein fractions 
were separated from human serum by the ultracen- 
trifugal flotation procedure of Havel et al. (4). Serum 
was adjusted to a density of 1.21 g. per ml. with a 
sodium chloride-potassium bromide stock solution and 
centrifuged from 18 to 22 hours at 100,000 « g in a 
Spinco Model L ultracentrifuge. The low and high 
density lipoproteins floated to the top of the centrifuge 
tube and were then separated from the other serum 
proteins in the infranatant solution with a tube cutter. 
In the separation of low and high density lipoproteins, 
serum was adjusted to a density of 1.063 g. per ml. 
with a sodium chloride-potassium bromide stock so- 

* Supported in part by Research Grant H-2807 from the 


National Institutes of Health. 
+ Fellow of the Central Ohio Heart Association. 
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lution and centrifuged from 18 to 22 hours at 100,000 
x I: 

Low density lipoproteins floated to the top of the 
centrifuge tube, while high density lipoproteins and 
other serum proteins remained in the infranatant 
solution. 

Chylomicrons, S; 10-400, S; 3-9, and high density 
lipoproteins were separated by a density gradient ul- 
tracentrifugation procedure (5, 6). Five ml. of serum 
was placed in a 13.5 ml. lusteroid centrifuge tube, 
overlaid with 4 ml. of 0.15 M sodium chloride,’ and 
centrifuged for 30 minutes at 9,300 x g in the Spinco 
Model L ultracentrifuge. Chylomicrons formed a tur- 
bid band at the top of the saline layer. This band was 
separated from the infranatant serum with a tube 
cutter. The infranatant serum was then layered over 
5.5 ml. of 2.0 M sodium chloride in a second centri- 
fuge tube, overlaid with 0.15 M sodium chloride to fill 
the tube, and centrifuged at 100,000 x g for 18 to 22 
hours. The S; 10-400 lipoproteins were concentrated 
in a turbid band at the top of the tube, the S; 3-9 
lipoproteins formed a clear orange-yellow band in the 
center, while high density lipoproteins and other serum 
proteins sedimented to the bottom of the tube. 


* All salt solutions added in the preparation of lipoproteins 
contained 0.05 g./l. of the disodium salt of ethylenediaminete- 
traacetic acid adjusted to pH 7.0 + 0.2 with 1 N sodium hy- 
droxide (5). 
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Tocopherol Administration. Two g. of tocopherol* 
was given to young healthy adults with a lipid meal 
consisting of one-half pint of ice cream and 4 ounces 
of eggnog. The lipid meal produced an alimentary 
lipemia. Control experiments were run with the lipid 
meal alone and with the tocopherol alone. When given 
without a lipid meal, the dose of tocopherol was re- 
duced to 600 mg. in order to prevent diarrhea. A blood 
specimen was drawn before and at 2- to 4-hour inter- 
vals after the lipid meal. Blood specimens were ob- 
tained over a 24-to-48-hour period. Four ml. of serum 
was used for total serum tocopherol analysis and 5 to 
6 ml. for the separation of lipoprotein fractions. Two 
subjects designated as I and II were used throughout 
the experimental series for the study of tocopherol ab- 
sorption and distribution in lipoproteins. Subject I 
was a 28-year-old healthy male and subject II was a 
24-year-old healthy female. 

Tocopherol Assay. For the determination of serum 
tocopherol and its distribution in the serum lipopro- 
tein fractions, the phosphomolybdic acid and Em- 
merie-Engel (EE) reactions were compared. A mod- 
ification of the Rosenkrantz procedure (7) was used 
for the phosphomolybdic acid reaction (PMA). Four 
ml. of serum or a lipoprotein fraction isolated from 
4 ml. of serum was denatured with an equal volume 
of ethanol and extracted with 15 ml. of isooctane. A 
10 ml. aliquot of the isooctane solution was placed in 
a 50 ml. boiling flask and dried under nitrogen at 
40°C in a rotary vacuum evaporator. The residue was 
first dissolved in 2 ml. of repurified butanol and then 
2 ml. of fresh 1.6 per cent phosphomolybdic acid in 
glacial acetic acid was added. This sample was trans- 
ferred to a 15 & 150 mm. Pyrex test tube, placed in a 
55°C water bath for 15 minutes, and then cooled at 
room temperature for 30 minutes. Absorbance was 
determined at 725 mp. with a Beckman B spectro- 
photometer. Since carotenoids interfere in the PMA 
reaction, the carotenoid content of the isooctane ex- 
tract was estimated from the absorbance of an isooc- 
tane aliquot at 450 mp. Standards of a-tocopherol, 
the major tocopherol constituent of serum (8), and B- 
carotene were used in each set of determinations. 

Phospholipids and cholesterol interfere in the PMA 
reaction. Lecithin, isolated from egg yolk by silicic 
acid chromatography, produces a white precipitate 
with phosphomolybdie acid upon cooling. Turbid sam- 
ples were filtered through a pressure filter system con- 
sisting of a 10 ml. glass syringe containing two layers 
of Whatman No. 1 and two layers of Whatman No. 42 


* Eprolin®, lipid soluble tocopherol, Eli Lilly Co., Indianap- 
olis, Ind. 
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filter paper. Phosphomolybdic acid reacts with free 
cholesterol at incubation temperatures above 60°C 
and enhances the absorbance at 725 my. The free cho- 
lesterol in serum inhibits the PMA-tocopherol color 
reaction by 4 to 5 per cent at incubation temperatures 
of 55°C. This cholesterol inhibition of the PMA reac- 
tion was corrected by the use of tocopherol internal 
standards. Cholesterol palmitate (recrystallized: m.p. 
77°C) had no effect on the PMA reaction. 

The PMA reaction measures total tocopherol. When 
a-tocopherol quinone, prepared by the silver nitrate 
oxidation procedure of Cuthbertson et al. (9), was as- 
sayed with the modified PMA procedure, 69 per cent 
of the color expected from a-tocopherol was obtained. 
This corresponds to the value obtained for a-tocoph- 
erol quinone in the unmodified Rosenkrantz pro- 
cedure (7). 

The ferric chloride-a,a-bipyridine reaction as mod- 
ified by Farber et al. (10) was used for the EE reac- 
tion. Four ml. of serum or a lipoprotein fraction was 
denatured with an equal volume of ethanol and ex- 
tracted with 4 ml. of xylene for 10 minutes in a me- 
chanical shaker. The emulsion was broken by 
centrifugation and 3 ml. of the xylene extract trans- 
ferred to a 19 mm. Coleman cuvette. Three ml. of 0.1 
per cent a,a-bipyridine in n-propanol was added and 
the carotenoid absorbance determined at 440 mp. with 
a Coleman Nephelo-Colorimeter. Then 0.5 ml. of 0.1 
per cent ferric chloride was added, the sample shaken, 
and read at 525 my. after a 2-minute interval. The 
color developed with pure a-tocopherol was stable 
from 30 seconds to 10 minutes; however, the color 
reaction with £-carotene increased with time. 

Chemical Analysis. Lipoprotein fractions were 
placed in volumetric flasks and the lipid extracted with 
aleohol-ether (3:1). Cholesterol was determined by 
the method of Abell et al. (11). Lipid phosphorus was 
determined by the method of Lowry et al. (12) and 
multiplied by 25 to estimate phospholipid. Fatty acid 
ester equivalents were determined by the method of 
Stern and Shapiro (13). 


RESULTS 


The Distribution of Tocopherol in Serum Proteins. 
The fasting serum tocopherol levels are higher when 
measured by the PMA than by the EE assay method 
(Tables 1 and 2). Since the PMA reaction estimates 
tocopherol quinone as well as free tocopherol, these 
values are higher and are consistent with the report 
(14) that approximately 30 per cent of serum tocoph- 
erol is in the quinone form. No significant difference 
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TABLE 1. TocorHerot DistriBpuTION IN Low aNnp Density LiIpoPROTEIN 


Fractions OBTAINED BY ULTRACENTRIFUGAL FLoraTIon * 
A B Cc 
Fraction 
Tocopherol in yg./ml. and per cent (italics) of total recovered 
Serum 13.8 9.2 23.3 
Low and high density 13.3 5.8 21.7 
lipoproteins (D < 1.21) 83 87 94 
Other serum proteins 2.7 0.9 1.4 
17 13 6 
Total recovered 16.0 6.7 23.1 
Percentage recovered 116 72 99 
Low density (D < 1.063) 9.6 5.9 16.8 
lipoproteins 66 63 71 
High density lipoproteins 5.0 3.5 7.4 
and other serum proteins 34 37 29 
Total recovered 14.6 9.4 24.2 
Percentage recovered 106 102 104 


* Ultracentrifugal flotation procedure of Havel et al. (4). 
A. Subject I, fasting serum, PMA analysis. 


B. Subject II, fasting serum, EE analysis. 


C. Subject II, 10 hours after test meal with tocopherol, EE analysis. 


was found between the tocopherol content of serum 
and plasma by either assay method. 

Serum was fractionated into low and high density 
lipoproteins by the homogeneous density method and 
these fractions were analyzed for their tocopherol con- 
tent by the PMA and EE reactions (Table 1). Over 
83 per cent of the tocopherol was found in the serum 
lipoprotein fractions. The relative amount of tocoph- 
erol associated with other serum proteins decreased 
from 13 per cent to 6 per cent after the oral adminis- 
tration of tocopherol (Table 1). From 63 to 71 per 
cent of the serum tocopherol was carried by the chy- 
lomicrons and low density lipoproteins. 

Serum was fractionated into chylomicrons, 8; 10- 
400, S; 3-9, and high density lipoproteins by the 
density gradient method and these fractions were 
analyzed for their tocopherol content by the PMA and 
EE reactions (Table 2). The chylomicrons and low 
density lipoproteins, isolated by the density gradient 
procedure, contained from 65 to 72 per cent of the 


serum tocopherol. This tocopherol distribution corre- 
sponds to the tocopherol distribution obtained in the 
separation of low density lipoproteins by the homoge- 
neous density centrifugation procedure (Table 1). The 
S; 3-9 lipoprotein fraction contained from 41 to 58 
per cent of the serumi tocopherol. Tocopherol activities 
were also determined on lipid extracts from the lipo- 
proteins of subject I by the carotenoid stability test 
(15). This procedure showed that 69 per cent of the 
total tocopherol activity was in the S; 3-9 lipoprotein 
fraction. Since the PMA and EE reactions showed a 
similar tocopherol distribution, no difference was de- 
tected between the relative content of tocopherol and 
tocopherol quinone in the serum lipoprotein fractions. 

Tocopherol analyses by the PMA reaction on dupli- 
cate lipoprotein fractions varied + 0.1 pg. per ml. to 
+ 0.4 pg. per ml. from the average of the two deter- 
minations. Tocopherol analyses by the EE reaction on 
duplicate lipoprotein fractions varied + 0.2 pg. per 
ml. to + 0.4 wg. per ml. from the average of the two 
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TABLE 2. TocopHeroL DisTRIBUTION IN CHYLOMICRON, 10-400, 3-9, 
Density Lipoprorern Fractions OBTAINED BY ULTRACENTRIFUGAL FLoraTIoN * 


A B | C D E 
Fraction 
Tocopherol in »g./ml. and per cent (ctalics) of total recovered 

Serum 12.2 9.1 7.35 6.34 Ii +27 
Chylomicron 0.14 0.47 0 0.12 0.51 + 0.34 
1.3 6.2 0 1.8 4.0 + 2.7 

S; 10-400 1.09 1.67 0.67 0.61 1.97 + 0.62 
11 18 9.3 9.8 15.5 +49 

S; 3-9 5.34 4.38 4.18 3.53 5.96 + 0.75 
53 48 58 57 47.0 +59 

High density lipoproteins 3.54 2.58 2.38 1.95 4.24 + 0.48 
and other serum proteins} 35 28 33 32 3838.4 +38 
Total recovered 10.1 9.1 7.23 6.21 12.7 +12 
Percentage recovered 83 100 98 98 9 +87 


* Density gradient ultracentrifugal flotation procedure (5, 6). 


. Subject I, fasting serum, EE analysis. 


Om > 


). Subject II, fasting serum, EE analysis. 


= 


determinations. The range in tocopherol content repre- 
sents the error from both the tocopherol assay and the 
lipoprotein fractionation. 

Tocopherol Distribution During the Active Absorp- 
tion of Tocopherol. The concentration of serum tocoph- 
erol after oral tocopherol administration to subjects 
I and II is shown in Figure 1. When 2.0 g. of tocoph- 
erol was administered to subject II with a lipid 
meal, the increment in serum tocopherol reached one 
peak in 6 hours and a second peak in 12 hours. The 
second peak occurred 3.5 hours after the subject had 
eaten a regular meal and may represent absorption of 
unabsorbed tocopherol or reabsorption of biliary ex- 
creted tocopherol (16). When 600 mg. of tocopherol 
was administered to subject I without a lipid meal, a 
smaller but significant increment in serum tocopherol 
was obtained. Tocopherol was administered without a 
lipid meal in order to demonstrate an elevation in 
serum tocopherol without the parallel elevation of 
serum lipids, which was verified by phospholipid 
analysis of the lipoprotein fractions. Serum tocopherol 
remained elevated for the duration of the test period 
in both experiments in which supplementary tocoph- 


Subject I, fasting serum, PMA analysis. 


Subject II, fasting serum, PMA analysis. 


. 10 subjects, nonfasting serum, PMA analysis, mean + standard deviation. 


erol was given. When a lipid meal without supple- 
mentary tocopherol was given to subject I, no rise in 
serum tocopherol occurred (Fig. 1). 

Serum lipoprotein fractions were separated by the 
density gradient ultracentrifugation procedure, and 
tocopherol increments in the lipoprotein fractions were 
measured at stated time intervals for the duration of 
the test period. The chylomicron and S; 10-400 lipo- 
protein fractions showed a peak tocopherol increment 
4 hours after tocopherol administration (Figs. 2 and 
3). When 2.0 g. of tocopherol was administered to the 
subject, a second peak occurred in the chylomicron 
and S- 10-400 lipoprotein fractions 3 to 4 hours after 
the subject had eaten a second meal (Fig. 2). A single 
peak in the tocopherol increment was found for both 
the chylomicron and §; 10-400 lipoprotein fractions 
when 600 mg. of tocopherol was administered to a sub- 
ject (Fig. 3). The tocopherol content of the S; 3-9 
lipoprotein fraction reached a maximum from 6 to 
10 hours after the test meal and maintained a plateau 
for another 12 hours (Figs. 2 and 3). The tocopherol 
increment in the high density lipoprotein fraction 
follows a pattern similar to that in the Sy 3-9 lipo- 
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protein fraction, although the increment was less in 
the high density lipoprotein fraction. 

Table 3 shows the tocopherol distribution in the 
lipoproteins following a lipid meal without supple- 
mentary tocopherol. One pint of ice cream, a test meal 
that produces lipemia without elevating serum tocoph- 
erol, was given to subject I. Blood specimens were 
obtained at 0, 2, 4, and 8 hours, and serum lipoprotein 
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Fic. 1. The concentration of tocopherol (EE reaction) in 
serum after oral administration. Tocopherol, 2.0 g., aminis- 
tered to subject II with a lipid meal (0). Tocopherol, 600 mg., 
administered to subject I without a lipid meal (e). Lipid meal 
without supplementary tocopherol administered to subject 
I (A). 
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Fic. 2. The tocopherol content (EE reaction) in #g./ml. serum 
for lipoprotein fractions separated by density gradient flotation 
from subject II after the oral administration of 2.0 g. tocoph- 
erol with a lipid meal: chylomicrons (0), S¢ 10-400 lipoproteins 
(e), Se 3-9 lipoproteins (A), high density lipoproteins and other 
serum proteins (A). 


TABLE 3. ComposiITION OF THE CHYLOMICRON AND THE 
10-400 Lipoprotein Fractions AFTER A Lipip MEAL 
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(Ice Cream) WirHout SuppLEMENTARY TOCOPHEROL * 
Fraction and Tocopherol | Fatty Acid Ester | Ratio { 
Time in Hours 
ug./ml. meq./100 ml. 
Chylomicron 
0 0.30 0.004 17.2 
2 0.33 0.010 7.6 
+ 0.33 0.070 14 
8 0.30 0.030 2.3 
10-400 
lipoproteins 
0 1.44 0.11 3.0 
2 1.48 0.18 1.9 
4 1.48 0.21 1.6 
8 1.07 0.15 1.6 


* Density gradient ultracentrifugal flotation procedure (5, 6). 
+ Tocopherol (umole) /fatty acid ester (meq.). 


fractions isolated. The lipoprotein fractions were ana- 
lyzed for tocopherol (EE reaction), fatty acid ester 
equivalents, cholesterol, and phospholipid. The lipid 
meal produced visible lipemia and a significant in- 
crease in the concentration of the fatty acid esters in 
the chylomicron and S, 10-400 lipoprotein fractions, 
without altering the tocopherol content of these two 
fractions. The lipid and tocopherol concentrations of 
the S; 3-9 and high density lipoprotein fractions were 
not altered by the lipid meal. 
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Fic. 3. The tocopherol content (EE reaction) in xg./ml. serum 
for lipoprotein fractions separated by density gradient flotation 
from subject I after the oral administration of 600 mg. tocoph- 
erol without a lipid meal: chylomicrons (0), S¢ 10-400 lipopro- 
teins (@), St 3-9 lipoproteins (A), high density lipoproteins and 
other serum proteins (4). 
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Tocopherol Exchange Between Lipoproteins in 
Vitro. The tocopherol equilibration between low den- 
sity and high density lipoprotein fractions was studied 
by tocopherol exchange in vitro. Blood was obtained 
from subject II before a test meal and 10 hours after 
the administration of 1.2 g. of tocopherol with a test 
meal. Duplicate low and high density lipoprotein frac- 
tions were separated by centrifugation at density 
1.063. One lipoprotein fraction was used for a tocoph- 
erol exchange study; the other lipoprotein fraction 
was used for tocopherol analysis. A low density lipo- 
protein fraction from fasting serum was mixed with 
a high density lipoprotein fraction from the tocopher- 
ol-rich serum (Mixture A), and a low density lipo- 
protein fraction from the tocopherol-rich serum was 
mixed with a high density lipoprotein fraction from 
fasting serum (Mixture B). These lipoprotein mixtures 
were equilibrated at 37°C under nitrogen by agitation 
for 6 hours. Lipoprotein fractions were then reisolated 
by centrifugation at density 1.063 and analyzed for 
tocopherol. The results are summarized in Table 4. 
Tocopherol exchanged between the low and high den- 
sity lipoprotein fractions. The final tocopherol distri- 
butions, 57 to 61 per cent in low density lipoproteins 
and 39 to 43 per cent in high density lipoproteins, were 
similar for the two mixtures. Furthermore, the per- 
centage distribution of tocopherol obtained by equili- 
bration in vitro was similar to the tocopherol distribu- 
tion found in serum. 


DISCUSSION 


Essentially all serum tocopherol is found in the 
serum lipoprotein fractions. The small amount of 
apparent tocopherol found in the other serum proteins 
(density > 1.21) may be due to either vitamin A alco- 
hol (6), which reacts in the analytical procedures, 
or to the incomplete separation of high density lipo- 
proteins during the isolation procedure (4). If tocoph- 
erol were associated with other serum proteins, their 
tocopherol content should increase with increased 
levels of serum tocopherol; but this did not occur. Al- 
though albumin has been shown to combine with 
tocopherol in vitro (17), it does not appear to partici- 
pate in tocopherol transport in vivo. Other workers 
did not detect radioactivity in the serum albumin 
fraction isolated from rats fed C'-tocopherol (18). 

In the fasting state the low density lipoproteins, 
principally the S; 3-9, contain a major part of the 
serum tocopherol. This observation is in contradiction 
to an earlier observation (3) that the high density 
lipoproteins are the principal carriers of tocopherol. 
Independent studies have shown that elevated tocoph- 


J. Lipid Research 

April, 1960 
erol levels and elevated low density lipoprotein levels 
occur in hypercholesterolemic disease states such as 
myxedema, idiopathic hypercholesterolemia, diabetes 
mellitus, xanthomatosis, coronary occlusion, cerebral 
thrombosis, and hypertensive cardiovascular disease 
(16, 19, 20, 21). During pregnancy there is a parallel 
rise in tocopherol (22) and low density lipoprotein 
levels (23), which reaches a peak at the third tri- 
mester. 

Following oral administration of tocopherol with a 
lipid meal, the concentration of tocopherol in the 
chylomicron and 8; 10-400 lipoprotein fraction reaches 
a maximum value in 3 to 4 hours, a time at which the 
lipid content of these two fractions is also at a maxi- 
mum (24, 25, 26). In control experiments, the separate 
administration of either tocopherol or lipid produces 
an independent elevation of either tocopherol or lipid, 
respectively, in the chylomicron and §; 10-400 lipo- 
protein fractions. Thus the initial elevation of tocoph- 
erol in these fractions after tocopherol absorption 
represents newly absorbed tocopherol and not the ex- 
change of tocopherol between the different lipopro- 
teins, whose relative concentration is changing as a 
result of simultaneous lipid absorption. 

The first phase of tocopherol transport by the ehy- 
lomicrons and §; 10-400 lipoproteins is followed by a 
second phase in which newly absorbed tocopherol 
shows a prolonged elevation in the S; 3-9 and high 
density lipoproteins. The prolonged elevation is a 
reflection of the long half life of these latter fractions 
(27) as contrasted to the very short half life of the 
chylomicron (28) and S; 10-400 fractions (27). It is 
noteworthy that the tocopherol increment in the Sy 
3-9 lipoprotein and the high density lipoprotein frac- 
tions reaches a maximum in § to 10 hours, a time when 
the chylomicron and §; 10-400 lipoprotein fractions 
are approaching basal levels. It appears that tocopher- 
ol is transferred to the S;¢ 3-9 and high density lipopro- 
teins from the chylomicrons and S$; 10-400 lipoproteins. 
Metabolic sequences for these reactions are not defined 
completely ; however, the conversion of S; 10-400 lipo- 
proteins to 8; 3-9 lipoproteins in vivo has been demon- 
strated (27). High density lipoproteins and chylo- 
microns may also be related in their metabolism since 
these fractions have a similar protein moiety (29, 30) 
which is distinct immunologically from the low density 
lipoproteins (31). Tocopherol equilibration studies an 
vitro and the parallel course of tocopherol increments 
in the §; 3-9 and high density lipoprotein fractions 
both suggest that tocopherol exchanges between low 
density and high density lipoproteins in a manner 
similar to cholesterol (28) and phospholipid (32). 
Thus the second phase of tocopherol transport, a to- 
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TABLE 4. Tocopuerot Excuance, In Vitro, BETWEEN Low 
Density AND Densiry LipoproreEIN FRACTIONS 


| Lipoprotein Tocopherol in yg./ml. and 
per cent (lalics) of total recovered 


Sample 
| Low Density | High Density 
D < 1.063 | D > 1.063 
| | 
Serum fasting 5.9 3.5 
| 63 37 
Serum 10 hours | 17.2 7.0 
after test meal | ie | 29 
Mixture A | 
Pre-equilibration | 5.9 7.0 
54* 
Postequilibration | 7.3 | 5.5 
(6 hours) | 57 43 
Mixture B 
Pre-equilibration 17.2 3.5 
Postequilibration 12.5 8.0 
(6 hours) 61 39 


* Calculated for mixture. 

Mixture A: Low density lipoproteins from fasting serum and 
high density lipoproteins from  tocopherol-rich 
serum. 

Mixture B: Low density lipoproteins from  tocopherol-rich 
serum and high density lipoproteins from fasting 
serum. 


copherol increment in the S; 3-9 and high density lipo- 
proteins, represents accumulation of tocopherol in the 
two major lipoprotein fractions of serum, together 
with exchange of tocopherol between these lipoproteins 
and a final tocopherol distribution similar to their 
total lipid content (33). 

Total serum tocopherol shows an absorption incre- 
ment of long duration because it enters into both the 
first and second phases of lipid transport by serum 
lipoproteins. Lipids such as triglycerides (25, 28) and 
vitamin A esters (6), which enter only the first phase 
of lipid transport, demonstrate an absorption incre- 
ment of short duration. Triglycerides (34) and vita- 
min A esters (35) are both hydrolyzed after their 
initial concentration in the chylomicron and S; 10-400 
lipoprotein fractions and their hydrolysis products are 
subsequently not lipoprotein bound; whereas tocopher- 
ol is transferred to the S; 3-9 and high density lipopro- 
teins, which have a longer half life than do the chylo- 
microns and S- 10-400 lipoproteins. 


We are indebted to Mr. A. G. Worton, Warren-Teed 


TOCOPHEROL DISTRIBUTION IN LIPOPROTEINS 


Products Co., Columbus, Ohio, for samples of DL-a- 
tocopherol; Dr. Phillip L. Harris, Distillation Prod- 
ucts Industries, Rochester, New York, for samples of 
p-a-tocopherol and £-carotene; Dr. G. Lakshmina- 
rayana for purified lecithin; and Dr. F. A. Kruger for 
his helpful suggestions. 
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rat diaphragm and the role of these lipids in fatty 
acid uptake and oxidation’ 


E. M. Neptune, Jr., H. C. Supputn, D. R. Foreman, and 
F. J. 


Naval Medical Research Institute, 
National Naval Medical Center, 
Bethesda 14, Maryland 


[Received for publication September 14, 1959] 


SUMMARY 


After a 48-hour fast, the phospholipid fatty acids of rat diaphragm are reduced much more 
than the triglyceride fatty acids. Phospholipid thus appears to contribute more to the labile 
fatty acids than triglyceride. Both long- and short-chain C’-labeled fatty acids are incorporated 
into triglyceride but only the long-chain fatty acids are incorporated into phospholipid. After 
incubation with palmitate-1-C™ and transfer to substrate-free Ringer phosphate, triglyceride 
specific activity decreases but phospholipid specific activity increases. During incubation with 
palmitate-1-C™ the triglyceride specific activity rises, then remains constant. Phospholipid 
specific activity is initially the same as triglyceride but rises at a nearly linear rate. There is 
net synthesis of triglyceride but not of phospholipid. Combustion of long-chain fatty acids to 
CO: indicates the existence of an endogenous dilution pool. It is proposed that phospholipids 
and triglycerides participate in the oxidation of saturated fatty acids. 


L, a previous communication (1) labile fatty 
acid concentrations were measured in excised rat dia- 
phragm. The fall in concentration of these fatty acids 
during a 4-hour incubation could, in theory, support 
nearly all of the respiration of this tissue. In the 
earlier study only total fatty acids were determined. 
The present studies were designed to investigate the 
contribution of the major lipid components, phospho- 
lipid and triglyceride, to the labile fatty acids and the 
interrelationship of these lipids. 


MATERIAL AND METHODS 


Incubation Techniques. Diaphragm muscle was 
obtained as described previously (2). In the transfer 
experiments additional diaphragm was obtained from 
donor rats and incubated in the transfer recipient 
flask ; these were discarded just at the time of transfer. 
Zierler (3) has presented evidence that diaphragm is 
metabolically dependent on enzymes that leak out into 
the surrounding medium during in vitro incubation. 


* The opinions or assertions contained herein are the private 
ones of the writers and are not to be construed as official or 
reflecting the views of the Navy Department or the naval 
service at large. 


This donor incubation was employed to minimize de- 
pression of metabolism upon transfer to another 
medium. The incubation medium was Ringer phos- 
phate, calcium free, as described previously (2). The 
flasks were incubated in a Dubnoff shaking metabolic 
incubator at 37°C. 

Extraction of Lipids. At the end of the experimental 
period the tissues were removed, blotted on filter 
paper, and ground in a porcelain mortar with 0.5 to 
1.0 ml. of (3:1, v/v) aleohol-ether. The ether was 
freshly distilled each day from stock ether which con- 
tained a small quantity of hydroxylamine HCl. The 
muscle suspension was transferred to a 25-ml. volu- 
metric flask with three or four washings of alcohol- 
ether to a total volume of 12 to 17 ml. The solution 
was brought to a boil three times in a boiling water 
bath, cooled, and made to 25 ml. with alcohol-ether. 
The contents of the flask were transferred to tubes and 
centrifuged at 3,000 rpm. for 2 minutes. One ml. of 
supernatant was transferred to an aluminum planchet 
for determination of radioactivity. 

Triglyceride Determination. Three ml. was removed 
for determination of fatty acid-ester bonds by the 
hydroxylamine, ferric chloride method of Stern and 
Shapiro (4); the color from various concentrations of 
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diaphragm phospholipid was determined separately 
and used to correct the total ester value after phos- 
pholipids were determined. The final value, compared 
to a tripalmitin standard, was called the triglyceride 
fraction; triglyceride fatty acid values were obtained 
by assuming that 94 per cent of the triglyceride was 
composed of fatty acids. 

Phospholipid Determination. The remaining 21 ml. 
was taken to dryness at 100°C under a stream of 
nitrogen; 1 ml. of hexane was added and the tube 
warmed briefly. Then 14 ml. of acetone and 0.1 ml. 
of saturated MgCl. in ethanol were added, mixed for 
5 minutes, and cooled at 10°C for 14 to 18 hours or 
at —10°C for 2 hours. The mixture was centrifuged, 
the supernate decanted, and the precipitate washed 
with 10 ml. of acetone. Since the acetone wash never 
contained over 1 per cent of the radioactivity present 
in the original acetone supernate, the acetone wash 
was routinely discarded in the isotope experiments. 

The acetone-MgCls-insoluble precipitate was dried 
under nitrogen and treated in one of two ways: 

(a) To the precipitate, 1.5 ml. of 60 per cent KOH 
and 1.5 ml. of absolute ethanol were added. The tube 
was capped, heated for 2 hours at 100°C, cooled to 
room temperature, and 1.5 ml. of 18 N H.SO, was 
added. After cooling, 10 ml. of n-hexane was added 
and the tube shaken on a mechanical shaker for one- 
half hour. After centrifugation, 4 ml. of the hexane was 
taken to dryness under Ny» and titrated as reported 
previously (1). The titrated fatty acids in this fraction 
are referred to as phospholipid fatty acids. One ml. 
of the hexane was dried on a planchet for determina- 
tion of radioactivity. 

(b) In certain phases of the work, the radioactivity 
of the intact phospholipid molecule was determined. 
The acetone-MgCl. precipitate was dried and cooled. 
Four ml. of chloroform was added and, after warming, 
the tube was shaken and centrifuged. One ml. was 
transferred to a planchet for determination of radio- 
activity. The remaining 3 ml. was dried, digested, 
acidified, and extracted as in (a). 

A detailed comparison of the acetone-MgCl. tech- 
nique with silicic acid chromatography has been pub- 
lished by Borgstrém (5). Although separation by 
silicic acid chromatography yielded better recovery of 
phospholipid than the acetone-MgCl, precipitation, 
Borgstrém was able to precipitate 98 to 99 per cent 
of the lipid phosphorus. In the present study, experi- 
ments demonstrated that 96.4 + 0.63 per cent of the 
total phosphorus present in the lipid extract was pre- 
cipitated by acetone-MgCls. Although Borgstrém 
found that about 4 per cent of labeled free fatty acid 
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added to phospholipid was coprecipitated by acetone- 
MgCl, our observations with silicic acid chromatog- 
raphy of precipitated phospholipid indicate that there 
is no appreciable contamination of the phospholipid 
fraction by free fatty acid. 

Radioactivity and Manometric Determinations. 
Radioactivity and manometric CO. determinations 
were performed as described previously (2) with the 
following exceptions: Initial and residual activities of 
the incubation media were determined by direct 
plating of 0.1 ml. of a 1:10 dilution of the aqueous 
solutions. Radioactivity of material in organic sol- 
vents was determined by drying 1 ml. of the solution 
in a planchet. “Triglyceride” radioactivity was deter- 
mined on the acetone-MgCl. supernate. An aliquot of 
the acetone supernate was also dried, taken up in 
hexane, transferred and extracted with alkaline eth- 
anol as described by Borgstrém (6), and the extract- 
able radioactivity determined and tabulated as free 
fatty acids. Triglyceride values were corrected by 
subtracting radioactivity and free fatty acids. Re- 
covery experiments using palmitic acid-1-C™ were in 
excellent agreement with those reported by Borgstrém. 

Preparation of Albumin-Fatty Acid Complexes. The 
long-chain fatty acid-albumin complexes were pre- 
pared in the following manner: Both labeled and 
unlabeled fatty acids of a measured weight were dis- 
solved in aleohol-ether, and aliquots were dried under 
nitrogen at 100°C when using saturated acids, or at 
60°C when using unsaturated acids. The sodium salts 
were prepared by adding a slight excess of NaOH in 
ethanol, and subsequent drying under nitrogen. The 
albumin was dissolved in approximately 10 ml. of 
Ringer phosphate and warmed to 40°C on a water 
bath. To the dry fatty acid salt, 0.5 ml. of Ringer 
phosphate was added and the tubes heated under 
nitrogen to the temperature listed above. The cloudy 
mixture was then transferred to the albumin solution 
with two more 0.5 ml. washes of Ringer phosphate and 
the optically clear albumin-fatty acid solution made 
to volume. 

The albumin in these experiments was bovine al- 
bumin fraction V or crystalline bovine albumin. The 
fatty acid content of these proteins was determined 
by digestion, extraction, and titration, and its value 
incorporated into all calculations of fatty acid con- 
centrations. 


RESULTS 
Incorporation of Labeled Fatty Acid. The values 
for phospholipid and triglyceride fatty acids before 
and after a 4-hour incubation with diaphragm from 
fed rats are given in Table 1. Both phospholipids and 
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PHOSPHOLIPIDS AND TRIGLYCERIDES OF DIAPHRAGM 


TABLE 1. PHospHoLipip AND TRIGLYCERIDE Farry Acips oF DIAPHRAGM BEFORE 
AND AFTER A 4-HoUR INCUBATION CoMPARED wITH TotaL Farry Acips * 


Number ‘ Number B A Plus B as 
>) 
of | phospholipid | _% | | ‘Triglyceride | Per Cent of 
Experi- | pat ty Acids Experi- Fatty Acids Total Fatty 
ments ments Acids ¢ 
mg./g. wet wt. mg./g. wet wt. 
Fed 
Before 5 7.19 1G 13.16 91 
After 5 5.38 11 12.18 96 
Difference —1.81 +0.41 —0.98 +0.21 69 
p <0.01 <0.01 
Fasted 48 Hours 
Before 5 0.84 5 10.30 87 
After 5 0.34 5 9.48 87 
Difference —0.50 +0.126 —0.82 +0.05 87 
p <.02 <0.001 


* One-half diaphragm was used as a control; the opposite half was incubated for 4 hours. 


Total volume of medium was 3.0 ml. 


+ Total fatty acids from figures published previously (1). Variations are estimated 


standard errors. 


triglycerides decrease during the incubation but there 
is a greater decrease in the phospholipid fatty acids. 
A more striking demonstration of the lability of phos- 
pholipid fatty acids can be scen in diaphragm from 
rats fasted for 48 hours. The preincubation level of 
phospholipids is only one-tenth the value for fed rats, 
whereas triglyceride fatty acids decrease by only 22 
per cent. After a 4-hour incubation, these tissues from 
fasted rats have a somewhat greater fall in triglyceride 
fatty acids than phospholipid fatty acids, but the total 
fall in fatty acids is much less than noted with tissues 
from fed rats. 

These results are in general agreement with the 
total fatty acid studies reported earlier (1). It is 
apparent that the phospholipid plus triglyceride values 
do not represent 100 per cent of the total fatty acids. 
Whether this is due to technical difficulties or to other 
unidentified lipid components has not been determined. 

In Table 2 the results of studies are listed in which 
muscle was incubated with palmitate-, laurate-, ole- 
ate-, octanoate-, butyrate-, or acetate-1-C™. All of the 
acids studied are incorporated into triglyceride; the 
greater incorporation of the short-chain acids may in 
part be due to the much higher concentration of these 
acids in the incubation medium. Although there is 
measurable incorporation of long-chain fatty acids in 
phospholipid, there is no incorporation of acetate, 
butyrate, or octanoate. 

The great chemical lability of the phospholipids 


compared to that of triglycerides suggests that the 
phospholipids undergo a more rapid degradation than 
triglycerides and perhaps play a more active metabolic 
role. Therefore a series of experiments were performed 
in the following manner: Hemidiaphragms were in- 
cubated with C1*-labeled palmitate. At the end of 2 
hours, one hemidiaphragm of each pair was removed 
for determination of lipids and radioactivity; the 
other hemidiaphragm was transferred to a flask con- 
taining unlabeled palmitate and incubated for 2 more 
hours, and then removed for determination of lipids 
and radioactivity. The results are shown in Table 3. 
Although during the second incubation there is no 
significant change in the concentrations of phospho- 
lipid, there is a significant fall in phospholipid specific 
activity. This indicates that there is a greater loss of 
labeled than of unlabeled fatty acid. The fall in spe- 
cific activity of triglyceride indicates that this fraction 
is also losing labeled fatty acid faster than unlabeled. 
This experiment does not exclude transfer of labeled 
fatty acid from triglyceride to phospholipid, or the 
reverse. 

To examine the interrelationship between triglycer- 
ide and phospholipid further, another series of experi- 
ments was performed in much the same way except 
that the tissues were transferred to Ringer phosphate 
without added substrate. The results are shown in 
Table 3. Although the fall in triglyceride concentration 
is paralleled by a fall in specific activity, there is a 
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TABLE 2. INcorporaTION OF C!4-LABELED PALMITATE, LAURATE, OLEATE, 
OcTANOATE, BUTYRATE, AND ACETATE INTO TRIGLYCERIDE, PHOSPHOLIPID, 


AND Free Farry Acip oF Rat * 


Added Substrate Uptake Triglyceride Phospholipid | Free Fatty Acid 
mumole/g. mumole/g. myumole/g. mumole/g. 
Palmitate (5) 876 + 86 260 + 43 81+ 82 42+ 59 
Laurate (4) 7121 + 831 2250 + 454 592 + 129 920 + 165 
Oleate (6) 861 + 120 191+ 40 34+ 6. 86 + 18.4 
Octanoate (3) FoR Sass 4435 + 1150 0 497 + 291 
Butyrate (5) 33,100 + 3,400 167 + 87 0 290 + 106 
Acetate (4) 16,800 + 1,056 230 + 69 0 490 + 132 


* One-half diaphragm from fed rat was incubated for 2 hours. Total volume was 2.7 ml. Sub- 
strates were present in the following concentrations: palmitate 0.9 x 1074, laurate 1.5 x 1074, 
oleate 1.0 X 1074, octanoate 22.2 x 1074, butyrate 44.4 X 10-4, acetate 44.4 x 1074M. Palmi- 
tate, laurate, and oleate were all added as the albumin complex (see text). Figures in parentheses 
indicate the number of experiments. Uptake was calculated by measuring the residual activity 
in the medium and subtracting this from the initial activity. The percentage of radioactivity 
taken up was multiplied by chemical concentration to derive the mymole values. 


TABLE 3. CuHances IN CHEMICAL VALUES AND Speciric Activiry OF TRIGLYCERIDE AND PHOSPHOLIPID OF 
DiapHraGcM IncuBATED IN LABELED Farry Acips AND THEN TRANSFERRED TO A SECOND Mepium * 


Phospholipid 


Triglyceride 


Incubation 


Medium 


Concentration 


Specific Activity | Concentration | Specific Activity 


A. 2 hours in C!- 2 hours 3.18 
palmitate, then 4 hours 2.80 
transferred to pair difference —0.38 +0.69 
unlabeled palmitate p value >0.6 

(6) 

B. 2 hours in C1*- 2 hours 5.02 

palmitate, then 4 hours 2.00 


transferred to 
Ringer phosphate 
(12) 


pair difference 


p value | <0.01 
| 


mg./g. wel wt. 


—3.02 +0.51 


| 
| 
| 
| 
| 


cpm./mg. fatty acid | mg./g. wet wt. cpm./mg. fatty acid 


1209 16.3 1020 
1025 | 13.7 718 

—177 +508 | -26 +4048 -—302 +75.6 
<0.01 | <0.01 | <0.01 

| 3196 19.0 3570 
10,296 14.6 1226 

| +7100 +2110 —4.4 +1.02 —344 +98.4 
<0.01 <0.01 <0.01 


— —— — 


* Incubation medium was Ringer phosphate, calcium free, pH 7.4, total volume 2.7 ml. One-half diaphragm was re- 
moved at 2 hours and the other half transferred and incubated for 2 more hours. Initial concentrations and radioactivity : 


A. = 0.9 X 107*M and 18,000 epm./flask; B. = 


1.2 X 10°4M and 62,500 epm./flask. The number of experiments in 


each series is in parentheses. Variations are expressed as standard errors. 


striking rise in phospholipid specific activity despite 
a fall in concentration. This nearly threefold increase 
in specifie activity 1s compatible with the concept that 
phospholipid is enriched from other lipid sources. 
There is again a depletion of labeled fatty acids in 
the triglyceride component.! 


1These experiments were suggested by LCDR H. D. Bald- 
ridge, MSC, USN. 


To elucidate the lipid component into which exoge- 
nous fatty acid is incorporated, some experiments were 
performed in which the early incorporation of labeled 
palmitate into phospholipid triglyceride was 
studied. One hemidiaphragm served as a zero time 
control, while the opposite hemidiaphragm was incu- 
bated for a given time period with labeled palmitate. 
The results of this experiment are portrayed in Fig- 
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PHOSPHOLIPIDS AND TRIGLYCERIDES OF DIAPHRAGM 


TABLE 4. OxmwaTion oF Farry AcipD AND GLYCEROL SUBSTRATES 
to By Rat (2-HouR OBSERVATION) * 


CHO, CO: from Substrate 
Concen- Substrate C!4 total CO, 
ubstrate tration x 100 2 x 100 
10-*M umole 
Laurate (8) 0.9 18 5.07 9.5 + 0.60 
Laurate (8) 1.8 28 5.99 26.0 + 0.60 
Palmitate (8) 0.9 7 5.90 5.4 + 0.32 
Palmitate (8) 12 9 4.76 10.1 + 0.90 
Oleate (12) 1.0 5 5.80 3.1 + 0.30 
Glycerol (12) 11.1 3 5.30 5.1 + 0.60 


* Quarter diaphragms were incubated in Dixson-Keilin flasks for 2 hours in 
2.7 ml. of Ringer phosphate, calcium free, pH 7.4, 37°C. Substrate concentra- 
tions are listed in the Table. Techniques and calculations have been described 
elsewhere (2). Variations are estimated standard errors. Figures in parentheses 
indicate the number of individual experiments. 


ure 1. At 10 minutes the specific activity of triglyceride 
is not significantly different from that of phospholipid, 
but although the triglyceride specific activity remains 
constant over the next 60 minutes there is a progressive 
rise in the specific activity of phospholipid. The con- 
centrations indicate that there is an early net synthesis 
of triglyceride but not of phospholipid. 

The Conversion of Fatty Acids to CO;. In a sep- 
arate series of experiments the extent to which muscle 
converts labeled long-chain fatty acids to C14Q. was 
determined. The results with palmitate-, oleate-, and 
laurate-1-C! are shown in Table 4. Data for glucose 
have been reported elsewhere (2) as well as data for 
butyrate and octanoate. Contrary to the results for 
glucose and short-chain fatty acids, the conversion of 
long-chain fatty acids to CQO. constitutes only a 
small fraction of the total COs. The labile fatty acids 
of diaphragm (1) are almost all esterified. If these 
fatty acids represent a dilution pool for exogenous 
long-chain fatty acids, then exogenous fatty acids such 
as palmitate should also be esterified if they are truly 
mixing with this endogenous pool. As shown in Table 
2, added palmitate is incorporated into both triglycer- 
ide and phospholipid, which are the two sources of the 
endogenous labile fatty acids. Of course it is also 
possible that the free fatty acids might constitute a 
direct dilution pool. Although these fatty acids are 
present in low concentration (1), they could dilute 
directly and significantly the added labeled fatty acid 
if they were turning over rapidly. 


CHEMICAL AND SPECIFIC ACTIVITY CHANGES OVER TIME 
q WITH DIAPHRAGM INCUBATED WITH I-c'4 PALMITATE 
4000}- 
SPECIFIC ACTIVITY AS cpm/mg 
3000}- O—o TRIGLYCERIDE 
@— PHOSPHOLIPID 
< 2000 
irs 1000 
o 
CHEMICAL CHANGE FROM ZERO TIME CONTROL 
mg/g 
OBE O—O TRIGLYCERIDE 
@—e PHOSPHOLIPID 
+ 
> 
< 
2 
-2 
-3 


10 20 30 40 50 60 70 80 


Fic. 1. One hemidiaphragm was used as a zero time control 
and the opposite hemidiaphragm was incubated for a given 
time period. The tissues were incubated in 2.7 ml. of Ringer 
phosphate. Palmitate-1-C™ was added in a concentration of 0.9 
xX 10°M. Initial activity was 29,000 epm./flask. All values are 
the means of four separate experiments. 
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To test this pool concept, transfer experiments were 
performed in which muscle was incubated for 2 hours 
with labeled substrate, rinsed, and then transferred to 
vessels containing unlabeled substrate. The specific 
activities of CO. determined at different time intervals 
are shown in Figure 2. It is apparent that both glucose 
and octanoate show a definite fall in relative specific 
activity and the slopes of these curves are similar; the 
values for the specific activity of the CO. when dia- 
phragm is incubated with palmitate do not fall. This 
indicates that the added labeled palmitate taken up 
by the tissue must be nearly completely equilibrated 
with the endogenous source of COs over the time inter- 
vals studied and that entry of unlabeled fatty acid 
from the second medium is not rapidly diluting the 
endogenous pool. Furthermore, the constancy of the 
specific activity of the CO, after transfer to unlabeled 
substrate indicates that the dilution pool is large and 
this would not be compatible with the dilution pool 
existing in the form of free fatty acids; in the latter 
instance the specific activity of the CO. would rapidly 
decline after transfer to unlabeled substrate. 


RELATIVE SPECIFIC ACTIVITY OF COo (XIO>) WHEN 


7 DIAPHRAGM IS TRANSFERRED TO UNLABELED SUBSTRATE 
RSA 
5F 
4b 
3h 
OCTANOATE 
GLUCOSE 
2 3 


TIME IN HOURS 


Fic. 2. Quarter diaphragms were incubated in Ringer phos- 
phate, calcium free, pH 74 with one of the following sub- 
strates: glucose-U-C" 826 10°M, octanoate-1-C™% 22.2 
x 10°M, or palmitate-1-C" 0.9 x 10°M for 1.5 hours. They 
were then transferred to Dixson-Keilin flasks containing the 
same amount of the same unlabeled substrates. Relative spe- 
cific activity represents epm./umole CO./initial cpm. 


DISCUSSION 


It must be emphasized that in these initial studies 
phospholipids have been treated as a single group, 
whereas in actuality there are a variety of lipid com- 
pounds containing phosphorus, some of which un- 
doubtedly have specific metabolic functions. The 
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results of the present studies are sufficiently clear, 
however, to establish certain concepts. 

It is evident from these studies that the endogenous 
labile fatty acids of rat diaphragm are contained in 
both phospholipid and triglyceride fractions. The 
phospholipid fraction is somewhat more labile during 
a 4-hour incubation and is strikingly reduced after a 
48-hour fast. 

Both long- and short-chain fatty acids labeled with 
C* are incorporated into triglyceride, but of the acids 
studied only the long-chain acids, palmitate, oleate, 
and laurate, are incorporated into phospholipid. It is 
possible that the incorporation in triglyceride is medi- 
ated directly by lipase enzymes since the studies 
reported by Geyer et al. (7) show that striated rat 
muscle produces appreciable C140. when incubated 
with an emulsion containing carboxy]-labeled trilaurin, 
which presumably requires an active lipase. The fail- 
ure of short-chain fatty acids to appear in the phos- 
pholipid fraction indicates a different mechanism 
which may depend, in part, on the difference in solu- 
bilities of short- and long-chain fatty acids. Bergstrom 
et al. (8) reported that in liver and intestine the in- 
corporation of saturated acids Cys, Cig, and Cs into 
phospholipid was directly proportional to chain length. 
Hanahan and Blomstrand (9) found a much greater 
incorporation in vivo of palmitate than oleate into the 
lecithins of liver, intestine, and lymph. Stevens and 
Chaikoff (10) fed laurate-1-C™ and myristate-1-C™ 
and found 3 per cent of the laurate activity in carcass 
phospholipids as laurate and 19 per cent of myristate 
activity as myristate; most of the activity was found 
in the longer chain fatty acids and presumably rep- 
resented elongation in vivo of the original 12 or 14 
‘arbon fatty acids. Similarly, in our studies no in- 
corporation of short-chain acids in phospholipid was 
observed. The monounsaturated acid, oleate, exhibited 
a lower proportion in phospholipid than laurate or 
palmitate. 

In the study of the incorporation of palmitate with 
time, it appears that the specific activity of triglye- 
eride remains at a constant level. There is an appar- 
ent net synthesis of triglyceride during the first hour, 
and during most of this period the specifie activity is 
constant; this must mean that both labeled and un- 
labeled fatty acids are being incorporated in a con- 
stant proportion. The only obvious significant source 
of unlabeled fatty acid is phospholipid. The phospho- 
lipid specific activity values would indicate that 
labeled palmitate is incorporated more slowly in the 
very early part of the incubation, but that there is 
steady, almost linear, progressive enrichment. 
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The data presented do not clearly indicate the 
sequential pathway of incorporation of labeled palmi- 
tate entering the cell. It appears, however, that pal- 
mitate rapidly enters triglyceride and enters phospho- 
lipid more slowly ; furthermore, fatty acid is apparently 
being transferred from phospholipid to triglyceride. If 
there is an active two-way shuttle of fatty acids be- 
tween triglyceride and phospholipid, then palmitate 
may enter first into triglyceride and from there be 
more slowly incorporated into phospholipid. In experi- 
ments where diaphragm was transferred from labeled 
palmitate to buffered salt solution, it is possible to 
assume that low specific activity fatty acids are being 
removed from phospholipids with a net increase in 
their specific activity. The more tenable explanation, 
however, is that there is transfer to phospholipid of 
some high specific activity fraction of the triglyceride 
fatty acid. 

The latter concept is supported by the experiments 
in which the tissues were transferred to unlabeled 
palmitate; in these there is no change in the amount 
of phospholipid, but there is a significant fall in spe- 
cific activity; there is also a significant fall in the 
amount and specific activity of triglyceride. Therefore 
high specific activity fatty acids are leaving phospho- 
lipid and are also leaving triglyceride. It is most 
likely that these high specific activity fatty acids are 
being oxidized. It does not seem probable that, after 
transfer to unlabeled palmitate, fatty acids of high 
specific activity are removed phospholipid, 
whereas after transfer to salt solution, fatty acids of 
low specific activity are preferentially removed. This, 
coupled with the observation that phospholipids fall 
more than triglycerides during an incubation or in 
starvation, would be compatible with the hypothesis 
that phospholipid fatty acids are transferred to oxi- 
dative enzyme systems for oxidative degradation. 
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The concept of transfer of saturated fatty acids 
from triglyceride to phospholipid was established in 
in vivo studies by Bergstrém et al. (8) when they fed 
triglyceride labeled with 1-C™ stearate. Although the 
specific mechanism was not elucidated by these work- 
ers, they suggested that transesterification might be 
involved. On the basis of the work of Stein and 
Shapiro (11) with liver preparations and also from the 
data of others (quoted by the authors) these investi- 
gators arrived at the “almost inescapable” conclusion 
that free fatty acid is first incorporated into triglycer- 
ide and then transferred to phospholipid. If this is the 
transfer mechanism in liver, intestine, and muscle, 
then this may represent a general role for phospho- 
lipids. The concept of such a role for phospholipid is 
not new and Artom has reviewed the historical back- 
ground relating to this concept (12). 
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Portal venous injection of insulin in the diabetic 
rat: time of induction of changes in hepatic 
lipogenesis, cholesterogenesis, and glycogenesis’ 
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SUMMARY 


The time of onset of changes in liver metabolism of the 14-hour-insulin-deprived, alloxan- 
diabetic rat following continuous portal vein infusion of insulin was studied. The earliest 


effect of insulin—on glycogen content of the liver and on the capacity of the liver slice to 


synthesize cholesterol from acetate—occurred between 10 and 30 minutes after the start of 
the infusion. The liver’s capacity for incorporating acetate carbon into cholesterol rose dra- 
matically between 30 and 60 minutes after the start of the hormone infusion, and returned to 
normal in 90 minutes. The significance of this biphasic response in hepatic cholesterogenesis to 
portal vein insulin infusion is discussed. Fatty acid synthesis was slowest to respond to insulin. 
An effect on hepatic lipogenesis was first detected between 60 and 90 minutes after injection, 
and the liver’s capacity for incorporation of acetate-1-C™% into fatty acids continued to 
increase with duration of insulin administration up to 180 minutes. 


aes importance of duration of insulin action in 

evoking a response in hepatic lipogenesis of the dia- 
betic rat was pointed out by Chernick and Chaikoff in 
1950 (1). They demonstrated that pretreatment of 
diabetic rats with insulin for 1 day resulted in an 
increased utilization of glucose for fatty acid and CO. 
formation; insulin treatment for as short a period as 
3 hours failed to induce this increased glucose utiliza- 
tion. The time element in insulin action on liver was 
later studied in greater detail by Hastings and his 
associates. The earliest effect observed by these work- 
ers occurred in 6 hours in chronic diabetic rats (2), and 
in 4 hours in 14-hour-insulin-deprived diabetic rats 
(3). In all the studies cited above, insulin was admin- 
istered by a subcutaneous or by a nonportal, intra- 
venous route. Since insulin produced by the pancreas 
is secreted directly into the portal circulation, we 
raised the question whether the reported values for 
the time element might, in some part, be an artifact of 
the peripheral route of insulin administration. For this 
reason we have investigated the time of onset of 
hepatic insulin action in diabetic rats in which the 
hormone was injected directly into the portal vein. 

* Aided by a grant from the United States Public Health 
Service. 

+ Public Health Service Research Fellow of the 
Cancer Institute. 

+ Fellow of the American Heart Association. 
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When this route of administration is used, not only 
does the hormone enter the liver first, but also all of 
it reaches the liver. 


EXPERIMENTAL 


Male Long-Evans rats weighing from 225 to 275 g. 
were made diabetic by intravenous injections of al- 
loxan-monohydrate (Eastman). Every day, each dia- 
betic rat used in this study ingested about 30 g. of a 
stock diet (Diablo Labration), drank from 75 to 200 
ml. of water, and excreted from 75 to 200 ml. of urine 
containing about 2 to 4 g. of glucose. Their blood 
sugars in the fed state ranged from 325 to 700 mg. per 
100 ml. (Table 1). 

At least 3 weeks were allowed to elapse after the 
alloxan injection before the diabetic rats were treated 
with insulin as described by Spiro and Hastings (4). 
On the first day each rat was injected subcutaneously 
with 10 units of protamine-zine insulin per 100 g. body 
weight; on the second day, with 5 units per 100 g. body 
weight; on the third day, with 2 units per 100 g. body 
weight; and for the next 2 to 3 weeks, with 1 unit per 
100 g. body weight. During the 2 days preceding the 
experiment, each rat was injected, in addition, with 1 
unit of unmodified crystalline insulin (glueagon-free) 
3 times daily. 
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The test diabetic rats had been deprived of insulin 
for exactly 14 hours at the time the cannulae were 
inserted into their portal veins. These test rats were 
first given, via the cannulae, a priming dose of 25 units 
of unmodified crystalline insulin (glucagon-free), fol- 
lowed immediately by infusion of a solution contain- 
ing, per ml., 320 mg. of glucose and 5 units of unmodi- 
fied insulin. Infusion was at the rate of 2.4 ml. per 
hour and lasted from 10 minutes to 3 hours. 

The control rats were infused by portal vein with 
glucose only, from 10 minutes to 3 hours. The time of 
injection was adjusted so that, when the infusion was 
completed, the control rats had been deprived of in- 
sulin for exactly 14 hours. Thus the hepatic metab- 
olism of each test rat was compared with that of a 
control which had been deprived of insulin for exactly 
14 hours and which, in addition, had received the 
glucose infusion intraportally for the same period as 
had its corresponding test rat. 

Approximately one-half hour before the start of the 
portal vein infusion, the rats were anesthetized with 
Nembutal® (10- and 30-minute-infused rats) or with 
ether (1- to 3-hour-infused rats). The duodenal por- 
tion of the small intestine was exteriorized, and small- 
bore polyethylene tubing (with an internal diameter of 
0.023 inch reduced to proper diameter by stretching) 
was inserted deep into the inferior hepatico-duodenal 
vein so that the infusion fluid was delivered directly 
into the portal vein. The animals that were to be 
infused for 1 to 3 hours were placed in restraining 
cages. Each experiment consisted of at least 6 rats— 
from 3 to 5 test and from 2 to 4 control diabetic rats. 

At the end of the infusion period the rats were 
rapidly killed by a blow on the head. Immediately 
thereafter blood was taken for determination of glu- 
cose, and a sample of liver was taken for determina- 
tion of glycogen. The preparation of liver slices, the 
procedures used for their incubation with acetate-1- 
C™ and glucose evenly labeled with Cl, and the 
methods for determining C'-fatty acids and C'-cho- 
lesterol have been described elsewhere (5 to 8). Each 
incubation flask contained 2 pmoles of labeled acetate 
or 400 mg. per 100 ml. as labeled glucose. The amount 
of radioactivity in each flask was approximately 2 x 
10° epm. 

Glycogen was isolated by the method of Sjogren et 
al. (9), and determined colorimetrically by the pro- 
cedure of Mendel and Hoogland (10). In those cases 
in which the incorporation of the C'™ of C1-glucose 
into glycogen by liver slices was determined, the iso- 
lated glycogen was dialyzed to remove salts before it 
was plated on aluminum planchets for C™ counting. 
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RESULTS 


Glycogenesis. The effects of infusion of glucose 
alone and of glucose plus insulin on blood glucose are 
recorded in Table 1. The effects of these treatments on 
liver glycogen are shown in this table and in Figure 1. 


Glucose 
[] Glucose plus Insulin 


T 


Grams Per Cent 


T 

J 
SQ 


i030 60 90 
Minutes 


Fic. 1. Time course of the effects of continuous portal vein 
infusion of insulin on liver glycogen of intact diabetic rats. The 
control and test values for the 30-, 60-, 90-, and 180-minute 
experiments were significantly different at the 5% level as 
determined by the rank sum test (15). 


180 


The infusion of glucose alone (control diabetic rats) 
had no effect on the glycogen content of the liver for 
the first 60 minutes, but at later intervals of 90 and 
180 minutes, the glycogen content of the livers of these 
control rats rose significantly. 

No effect of insulin infusion for 10 minutes was 
detected, but by the time 30 minutes had elapsed, the 
administration of the hormone had increased the gly- 
cogen content of the liver. 

The conversion of C'- glucose to glycogen by slices 
prepared from the livers of insulin-treated and control 
rats was also studied. No effect of a 10-minute insulin 
infusion was noted. The infusion of the hormone for 
30 minutes did, however, result in a fourfold increase 
in the liver’s capacity for glycogenesis. 

Lipogenesis. The continuous infusion of insulin for 
as long as 60 minutes failed to influence the liver’s 
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Volume 1 
capacity to synthesize fatty acids from acetate; an 
| effect was, however, observed at 90 minutes (Table 1 
| and Fig. 2). An even greater delay was encountered in 
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| 3000+ plus Insulin oj 
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Fic. 2. Time course of the effects of continuous portal vein 
infusion of insulin on the capacity of liver slices of diabetic 
rats to convert the C™ of acetate-1-C“ to fatty acids. The 
control and test values differed significantly only in the 90- 
minute (at the 6% level) and in the 180-minute (at the 5% 
level) experiments, as judged by the rank sum test (15). 


our attempt to obtain an action of insulin on fatty acid 
| synthesis from C!-glucose; a slight effect was detected 
in the 3-hour experiment, but not at 90 minutes. 
| A significant increase in lipogenesis from acetate 
was also observed at 3 hours in the control rats. But 
| it should be noted that these 3-hour-glucose-infused 
rats started to received glucose when they had been 
deprived of insulin for only 11 hours. 
Cholesterogenesis. The earliest effect of insulin on 
the capacity of the diabetic rat liver to synthesize 
cholesterol from acetate occurred at 30 minutes (Table 
1 and Fig. 3). A biphasic response was noted. The 
augmented cholesterogenesis observed at 60 minutes 
was followed by a sharp decline in cholesterogenesis 
at 90 and 180 minutes. The prolonged infusion of glu- 
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cose alone increased cholesterogenesis from acetate in 
control diabetic rats. 


DISCUSSION 


In order to study the time element in the induction 
of changes in the metabolism of the liver by portal 
infusion of insulin, we used the 14-hour-insulin- 
deprived, alloxan-diabetic rat. No effects on lipogene- 
sis, cholesterogenesis, and glycogenesis were observed 
in 10-minute experiments. Effects of the hormone on 
glycogen formation were noted as early as 30 minutes 
after the start of the insulin infusion; this was shown 
not only in the levels of glycogen in the intact animal 
but also in the capacity of liver slices to incorporate 
C14-glucose into glycogen in vitro. An unexpected re- 
sult was the rapidity with which insulin affected cho- 
lesterol metabolism. Significant changes in the liver’s 
capacity to synthesize this sterol occurred not later 
than 30 minutes. The greatest delay in the hormone’s 
action was noted in the response of fatty acid synthe- 
sis from acetate, which occurred between 60 and 90 
minutes after the start of the injection of insulin by 
way of the portal vein. 

We reported earlier that the previous nutritional 
state of the rat determines the level of cholesterogene- 
sis in the liver. Thus it was shown that fasting dras- 
tically reduces hepatic cholesterogenesis (11), and that 
liver slices prepared from normal rats fed a synthetic 
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Fic. 3. Time course of the effects of continuous portal vein 
infusion of insulin on the capacity of diabetic rat liver slices 
to incorporate the C* of acetate-1-C™ into cholesterol. Differ- 
ences were significant at the 2% level in the 30-minute experi- 
ment (rank sum test) and at the 1% level in the 60-minute 
experiment. The values in the 180-minute experiment differed 
significantly at the 10% level. 
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diet containing 60 per cent glucose have a much 
greater capacity for incorporating acetate carbon into 
cholesterol than do slices from rats fed a 25 per cent 
glucose diet (12). A similar phenomenon was observed 
here—hepatic cholesterogenesis in the 14-hour-insulin- 
deprived, alloxan-diabetic rat is also sensitive to the 
availability of large amounts of carbohydrate. 

An interesting aspect of the action of insulin on 
hepatic cholesterogenesis is the biphasic response 
shown in Figure 3. We have already seen that an aug- 
mented cholesterogenesis is associated with an in- 
creased glucose metabolism in the liver, and this 
accounts for the first effect of insulin (see 30 and 60 
minutes in Fig. 3). The subsequent fall occurs at a 
time when the lipogenic effect of insulin has begun to 
take hold, and would appear to result from diversion 
of acetate toward fatty acid synthesis. A similar in- 
verse relation between hepatic cholesterogenesis and 
lipogenesis was observed in experiments with normal 
rats fed high fat diets. In this case the depression in 
lipogenesis that followed fat feeding was accompanied 
by a rise in the extent of cholesterogenesis (13, 14). 


Our thanks are due to Dr. W. R. Gaffey of the 
Department of Biostatistics in the School of Public 
Health for assistance in statistical treatment of the 
data. 
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SUMMARY 

The radioactivities of the glycerol and fatty acid moieties of plasma, liver, and adipose tissue 
. lipids were determined at intervals after the ingestion of glycerol- and palmitic acid-labeled 
, tripalmitin by rats. The changes in the levels of activities of the glycerol and fatty acids, and 


in the ratios of those activities, demonstrated the following: Only about half of the glycerol is 
completely hydrolyzed from fatty acid during digestion and absorption. Plasma lecithin 


: originating from dietary fat is synthesized extrahepatically. Plasma triglycerides are removed 
by the liver without change but are hydrolyzed before incorporation into adipose tissue. Liver 
j lecithins originate from liver triglycerides. Triglycerides are metabolically more active than 


lecithins and the latter more active than cephalins. In the postabsorptive period, glycerol dis- 
appears from adipose tissue triglycerides more rapidly than do the fatty acids, indicating 
hydrolysis and renewal of glycerol. In the liver, on the other hand, glycerol and fatty acid 
disappear from both triglycerides and phospholipids at the same rates, indicating that they are 


- removed as units. 


. an earlier study from this laboratory, in 
which glycerol- and fatty acid-labeled triglycerides 
were used to investigate the mechanism of fat digestion 
(1), it was observed, though not reported, that after 
the deposition of the doubly labeled triglyceride in 
adipose tissue, the glycerol and fatty acid moieties 
disappeared at different rates. The present report is 
the result of an investigation on this phenomenon. 


EXPERIMENTAL 


Nineteen male rats, weighing approximately 200 g., 
were trained to eat a semisynthetic, fat-free ration! at 
8:00 a.m. On the morning of the test, 200 mg. of tri- 
palmitin, labeled in both the glycerol and fatty acid 
moieties, was fed with about 1 g. of the basal ration. 
The specific activity of the glycerol was 920,000 epm. 
per mg. and that of the fatty acid was 125,000 epm. 
per mg. The animals were subsequently fed the fat- 
free ration ad libitum. 

Three animals were sacrificed by exsanguination 
through the aorta at 3, 6, 12, 24, and 72 hours after the 
test meal and four animals at 48 hours. The lipids 

* Supported in part by Grant A-020 from the Robert A. 
Welch Foundation, Houston, Texas, and in part by Grant AT- 


(40-1)-2457 from the United States Atomic Energy Commission. 
' Nutritional Biochemical Co., Cleveland, Ohio. 
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were extracted from the plasma, the liver, and from 
the gross adipose tissue around the kidneys, testes, in 
the inguinal region, and under the skin. The plasma 
and liver lipids, about 30 mg. and 250 mg., respec- 
tively, isolated by the method of Folch et al. (2), were 
partitioned chromatographically on silicic acid col- 
umns (3).7 The pooled adipose tissues from each ani- 
mal were extracted with 10 volumes of chloroform in 
a Waring blendor and dried over silicic acid. The 
solvent was removed in a stream of nitrogen. The 
triglycerides from 100 mg. of the extracted adipose 
tissue lipid were isolated by column silicic acid chro- 
matography (4). 

The triglycerides of plasma, liver, and adipose tis- 
sues were saponified with 4 per cent alcoholic KOH. 
(In order to have samples of sufficient size for analy- 
ses, It was necessary to add unlabeled triglyceride as 
a carrier to the isolated and weighed plasma and liver 
triglycerides.) The fatty acids were extracted with 
petroleum ether (30°-60°C)* and dried. Twenty to 25 
mg. samples were plated on “frosted” glass planchets,* 


* Because of the small amounts available, the plasma of all 
the rats in each group was pooled. 

Skellvsolve F. 

*PL-F Full-Blasted Planchets, B and Z Enterprises, Colum- 
bus, Ohio. 
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TABLE 1. Tue RapioactivitTiEs OF THE Farry Acip Motreties oF Tissue Lipips 
AFTER THE INGESTION OF GLYCEROL- AND Farry ACID-LABELED TRIPALMITIN * 


Hours Plasma + Liver Adipose 
TGt Le t Ce t TG ft Let Ce t 4G t 
cpm./mg. cpm./mg. cpm./mg. | cpm./mg. epm./mg. cpm./mg. | epm./mg. 
3 495 462 270 4 
718 827 640 ll 
1348 2047 1519 12 
Average 2211 1105 569 854 1112 810 9 
6 3715 3088 2513 588 
1649 1821 1337 247 
4144 2454 2685 411 
Average 3931 2549 801 3169 2454 2178 415 
12 2849 3137 2051 261 
1600 1558 1374 121 
1818 2336 1927 217 
Average 152 § 2157 158§ | 2089 2344 1784 200 
24 1711 2385 2500 250 
1110 1565 1796 173 
2884 3377 2434 637 
Average 2122 2871 1016 | 1902 2442 2243 353 
48 a 700 729 196 
922 1340 1328 362 
919 1250 1323 455 
345 493 567 182 
Average 352 591 227 566 946 987 299 
72 «| 219 257 321 333 
159 202 241 263 
| 233 279 290 385 
Average | 146 197 232 204 246 284 327 


* Palmitic acid activity 125,000 epm./mg.; glycerol activity 920,000 epm./mg.; 200 mg. in- 


gested in 1 g. of feed. 
+ Plasma of 3 animals pooled for analyses. 
t TG = triglycerides; Le = 


lecithin; Ce = cephalins. 


§ Unexplained dilution by unlabeled compound. 


counted in a gas-flow counter to at least 5,000 counts, 
corrected for background and _ self-absorption, and 
their specific activities (epm. per mg.) calculated. 
The glycerol was isolated from the saponification 
liquor as the tribenzoate derivative (5, 6). Infinitely 
thin platings of the derivative were made on “frosted” 
glass planchets, and the time for 5,000 counts deter- 
mined with a gas-flow counter. 

The liver and the plasma cephalins were saponified 
with 4 per cent aleoholic KOH, the fatty acids isolated 


and plated in the same manner as the triglyceride 
fatty acids. The plasma cephalins were diluted with 
unlabeled cephalin® to make the sample size suitable 
for analysis. Their glycerol activities were calculated 
from those of their methylene bismethone derivatives, 
prepared as previously described (7) from their glye- 
erophosphate fractions. 

The plasma and liver lecithin plus sphingomyelin 
fractions were differentially saponified by the method 


*Tsolated by silicic acid chromatography from rat liver lipids. 
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of Thannhauser et al. (8) in 0.25 N NaOH at 37°C 
for 6 days. The plasma lecithins were diluted with 
unlabeled lecithin® to make the sample size suitable 
for analysis. After decomposition of the soaps at a 
mild acid pH (methyl red), the mixtures were chilled 
and filtered through Celite pads on cold sintered glass 
funnels. The aqueous solutions contained the glycero- 
phosphate of the lecithin. The C™ activities of the 
glycerophosphate were determined in the same manner 
as for the glycerophosphate of the cephalin fractions. 
The fatty acids and sphingomyelin were removed from 
the Celite pads with chloroform. The chloroform ex- 
tracts were dried over anhydrous Na.SOy, and filtered. 
The dried and filtered chloroform solutions were slur- 
ried with 1 g. silicic acid in order to remove the 
sphingomyelin. The isolated fatty acids were dried and 
plated in the same manner as the fatty acids of the 
triglycerides and cephalins. 


RESULTS AND DISCUSSION 


Tables 1 and 2 present the relative specific activities 
of the fatty acid and glycerol moieties of liver and 
plasma cephalin, lecithin, and triglyceride, and of 
adipose tissue triglycerides. 

Since the test fat was fed in a single meal, preceded 
and followed by the ingestion of a fat-free ration, the 
changes in the levels of the dietary fat into tissue 
lipids may be divided into two phases. The first phase 
is that during which the exogenous fat was incorpo- 
rated into tissue lipids. This may be called the “absorp- 
tion phase.” The second phase is that during which the 
exogenous fat underwent changes in the tissues. The 
changes during the latter phase are a measure of the 
dynamic state of tissue lipids, and may be designated 
as the “postabsorption phase.” 

The changes in the activities of both fatty acids 
and glycerol in tissue lipids with respect to time show, 
with a few questionable exceptions, that the maximum 
levels of incorporation of dietary fatty acids and 
glycerol occurred at the sixth hour. This represents the 
absorption phase. The levels of activities of both fatty 
acid and glycerol in plasma and liver show that in 
the earlier hours after doubly labeled triglyceride in- 
gestion, the exogenous fat is incorporated to the great- 
est extent into the triglycerides, less in the lecithins, 
and least in the cephalins. After the forty-eighth hour 
these relationships were reversed. These data lead to 
the conclusion that triglycerides are more dynamic, 
or “turn over” more rapidly, than lecithins, and that 
the cephalins are the most sluggish, though by no 
means inert. As will be discussed in more detail below, 
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the data also indicate that the triglycerides are the 
precursors of lecithins. This may, at first sight, appear 
to be contrary to the mechanism of the syntheses of 
triglycerides and phospholipids as reported by Ken- 
nedy and Weiss (9, 10). The latter work, however, was 
on lipids synthesized de novo, while the present study 
describes the synthesis of lipids from exogenous 
triglycerides. 

The radioactivities of the plasma and liver lecithin 
fatty acids were very similar at every period, which 
might mislead one to suspect the liver as the sole origin 
of the plasma phospholipid. However, the plasma 
lecithin glycerol activity was higher than that of the 
liver, at least during the first 24 hours. This apparent 
contradiction may be resolved by the concept that 
during, or shortly after, fat absorption plasma lecithin 
does not arise in the liver, but is formed mainly in the 
mucosa from exogenous fat. The low values of the 
labeled glycerol to fatty acid ratio in liver lecithin 
as compared to liver triglycerides, show that liver 
lecithin, on the other hand, arises mainly from triglye- 
erides, as has been postulated by Harper et al. (11) 
as well as Stein and Shapiro (12). 

The above discussion shows the danger of drawing 
conclusions with respect to precursor-product relation- 
ships of complex molecules, such as phospholipids, by 
following only one moiety. Furthermore, the dietary 
state of the animal and the experimental conditions 
must be taken into account. The injection of labeled 
P*” or C'-acetate into a fasting animal, rather than 
an animal absorbing fat, may well result in quite 
different relationships between the levels of the label 
in lipids of various organs. Even greater differences 
should be expected if labeled lipids are being absorbed. 
For example, in studies with parenterally administered 
P*? (13, 14) and C'-palmitie acid (15) in fasted 
liverless dogs, and C!*-acetate in pigs (4), the levels 
of labeled lipids indicated the hepatic origin of plasma 
phospholipid. On the other hand, oral administration 
of P*®? resulted in a higher specific activity in the in- 
testine and blood plasma than in the liver (16).6 More 
recently, Zilversmit and Bollman, using P** (17), 
found that the feeding of cream increased the amount 
of plasma phospholipid and concluded that after the 
feeding of fats, the intestine may contribute appre- 
ciably to plasma phosphatide. 

The dissimilarity between glycerol activities of the 
plasma and liver cephalin, and the latter’s lower levels, 


°In a review of his work (Phosphorus Metabolism, Balti- 
more, Johns Hopkins Press, 1952, vol. 2, p. 223) Artom appears 
to have interpreted his data somewhat differently, concluding 
that labeled phosphorus in the liver and intestinal phospholipid 
reach about the same levels. 


| 
he 
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TABLE 2. Tue OF THE GLYCEROL MOIETIES OF TissuE Lipps 


AFTER THE INGESTION OF GLYCEROL- AND Farry Acrb-LABELED TRIPALMITIN * 
Hours Plasma + Liver Adipose 
TGi Le Ce TGt Le Ce 
cpm./mg.  cpm./mg. cpm./mg. | cpm./mg. cpm./mg. cpm./mg. | cpm./mg. 
3 2224 459 347 0 
3217 923 638 0 
3882 2069 924 0 
Average 8641 2833 1397 3107 1150 636 0 
6 5343 1592 884 340 
1537 854 489 138 
5374 2550 1637 252 
Average 12,400 4925 2364 4084 1665 1003 243 
12 2886 2768 1569 259 
1449 1344 655 105 
1986 1655 1092 187 
Average 247 § 4397 167 § 2107 1919 1105 183 
24 1671 1578 1244 187 
1365 1183 822 130 
3325 2204 1639 245 
Average | 2395 3393 935 2120 1655 1235 187 
48 | 51 559 781 186 
564 766 855 175 
310 553 674 102 
161 278 319 61 
| | 
Average | 95 512 162 272 539 657 131 
72 77 183 27 81 
170 115 137 67 
84 135 151 102 
Average 281 175 175 110 144 172 | 83 


* Palmitic acid activity 125,000 epm./mg.; glycerol activity 920,000 epm./mg.; 200 mg. in- 

gested in 1 g. of feed. 
+ Plasma of 3 animals pooled for analyses. 
t TG = triglycerides; Le = lecithin; Ce = cephalins. 
§ Unexplained dilution by unlabeled compound. 


may be explained by the hypothesis that cephalin has 
a slower turnover rate than lecithin. (The irregularities 
in the response of the “cephalin” fraction are probably 
due to the complex nature of this fraction.) This was 
also demonstrated by the fact that both the glycerol 
and fatty acids of liver cephalin reached their maxi- 
mum levels 12 hours or more after lecithin, and 
dropped off more slowly. Similar conclusions were 
reached by a study of differences in the activities and 
polyunsaturated fatty acid composition of cephalin in 
tissue lipids of pigs injected with labeled acetate (4). 


Because of possible differences in the degrees of bio- 
logical dilution, comparisons of the activities of the 
fatty acids or glycerol in lipids or tissues are unde- 
pendable for some relationships, especially those of 
precursors and products. This difficulty may be 
circumvented by consideration of the ratios of the 
relative activities of the glycerol moieties to those of 
the fatty acids, a device which has been employed 
previously (7). Thus if this ratio in the ingested fat is 
considered as unity, any changes in the ratio are an 
indication of hydrolysis and resynthesis, and of the 
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TABLE 3. Retative Amounts OF GLYCEROL AS COMPARED TO Farry ActpsS REMAINING IN 


Tissue Lipps AFTER THE INGESTION OF GLYCEROL- AND Farry ACID-LABELED TRIPALMITIN * 
Hours Plasma + Liver Adipose 
=) 0.61 0.13 0.17 0 
0.61 0.15 0.14 0 
0.31 0.14 0.08 0 
Average 0.53 0.35 0.33 0.51 0.14 0.13 0 
6 0.19 0.07 0.05 0.08 
0.13 0.06 0.05 0.08 
0.18 0.14 0.08 0.08 
Average 0.43 0.26 0.40 OL 0.09 0.06 0.08 
12 0.14 0.12 0.10 0.13 
0.12 0.12 0.06 0.12 
0.15 0.10 0.08 0.12 
Average 0.22 0.28 0.14 0.14 0.11 0.08 0.12 
24 0.13 0.09 0.07 0.10 
0.17 0.10 0.06 0.10 
0.16 0.09 0.09 0.05 
Average 0.15 0.16 0.12 0.15 0.09 0.07 0.09 
48 0.09 0.11 0.15 0.13 
0.08 0.08 0.09 0.07 
0.05 0.06 0.07 0.03 
0.06 0.08 0.08 0.05 
Average 0.04 0.12 0.10 0.07 0.08 0.09 0.07 
de 0.05 0.10 0.10 0.03 
0.14 0.08 0.07 0.04 
0.05 0.07 0.07 0.04 
Average | 0.26 0.12 0.10 0.08 0.08 0.08 0.03 
| 


* To allow for a much higher loss of glycerol as compared to fatty acid, the tripalmitin fed 
contained glycerol with a specific activity 7.4 times higher than the fatty acid. The relative 
loss of glycerol with respect to fatty acid is easier to understand if the relationship between 
the two is considered to be unity. Therefore the values in this table are equal to the expres- 

cpm./mg. glycerol 
epm./mg. fatty acid X 7.4 
+ Plasma of 3 animals pooled for analyses. 
t TG = triglycerides; Le = lecithin; Ce = cephalins. 


sion: 


relative rates of disappearance of the two moieties. | only half as much of the labeled dietary glycerol as 
The differences in the ratios between the iipids may be __ of fatty acid. 
used as a measure of product-precursor relations. Even in the early stages of absorption of the test 


These ratios are given in Table 3. The values given meal (Fig. 1), half as much of the labeled dietary 
here are not the actual ratios of glycerol to fatty acid glycerol as of fatty acids was incorporated into plasma 
activities but represent the changes from the dietary triglycerides. This confirms the results of an earlier 
triglyceride. Thus the ratio of 0.5 in the liver triglye- study on digestion (1) in which it was shown that up 
erides at the 3-hour period means that it incorporated to 40 per cent of ingested glycerides are completely 
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INTESTINE INTESTINAL BLOOD LIVER 
MUCOSA PLASMA 
1.0 1.0 
3 


1.0 1.0 1.0 1.0 1.0 1.0 
tA 


0.3 1.0 


0.0 0.5 1.0 * 
+G A, +6 G 


0.5 1.0 0.0 
G A,+G +PB—=G A,PB A,PB+=G A,PB 


(Rer. Enoo.) 


G+PB 


0.14 1.0 


ADIPOSE TISSUE 


1.0 


5 1.0 0.5 1.0 


1.0 0.0 0.0 1.0 
A+G-— A, 


Fie. 1. 


Mechanism of absorption and transport of fat during 


the first 3 hours after ingestion. Superscripts represent activity 
of labeled glycerol as compared to labeled fatty acid. G = 
glycerol; GAs = triglyceride; GA = monoglyceride; GAsPB 


= lecithin and cephalin; PB 


ethanolamine. 


hydrolyzed during the digestion and absorption proc- 
esses, and that the freed dietary glycerol is replaced 
by endogenous glycerol during glyceride resynthesis. 

The relatively greater replacement of dietary glyc- 
erol in plasma phospholipids than in plasma triglye- 
erides at the third hour (a ratio of 0.35 as compared 
to 0.53, Table 3 and Fig. 1) is a clear indication that 
the phospholipids are the product of more synthetic 
action than the triglyceride. Actually, the change in 
the ratio from 0.53 to 0.35 can be almost exactly ac- 
counted for by the stoichiometric reaction 2 GA; + 
GPB — 3 GA>PB,’ in which there is a one-third re- 
placement of the glycerol. One can thus conclude that 
the triglyceride is the precursor of the phospholipid, 
probably in the mucosa, as has been postulated previ- 
ously (7). 

The relative amounts of active glycerol in the 
plasma and liver triglycerides are almost identical at 
the third hour, as shown by the ratios in Table 3, 
demonstrating retention of unmodified plasma triglyc- 
eride by liver reticulo-endothelium. 


*G = glycerol; A = fatty acid; P = phosphate; B = nitrog- 
enous base. 


phosphorylated choline or 


The much greater replacement of labeled glycerol in 
liver than in plasma phospholipids (both lecithin and 
cephalin) shows that liver phospholipids are not 
simply unmodified plasma phospholipids. In this re- 
spect they differ from the triglycerides, which are the 
same in both tissues. This again demonstrates that 
liver phospholipids must be a product of liver triglye- 
erides. The degree of glycerol dilution from liver 
triglycerides to liver phospholipids (from 0.51 to 0.14) 
at the 3-hour period is greater than can be accounted 
for by the simple stoichiometric relationship outlined 
above for the plasma phospholipids. This may be in- 
terpreted to indicate a dynamic state of liver phospho- 
lipids in which they are rapidly being “turned over” 
with the labeled glycerol being replaced by unlabeled. 

During the first 3 hours no measurable amount of 
labeled glycerol entered the fat depots (Table 2), al- 
though small amounts of fatty acids did (Table 1). 
During the second 6-hour period, glycerol actually 
entered the adipose tissue at a faster rate than the 
fatty acid, increasing the ratio to 0.12 at the twelfth 
hour, the end of the “absorption period.” 

A possible interpretation of this increase in the 
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0.12 1.0 G 0.09 1.0 G 


(2TH HR. 24TH HR. 
0.07 1.0 G 0.03 1.0 


A,——-G A, 


48TH HR. 72ND HR. 


ADIPOSE TISSUE 


P 0.1! 1.0 
A, A, P8 
GPB | 
0.08 10 G6PB 0.08 1.0 
7znoHR. G A,—— A, PB 
LIVER 


Fic. 2. The dynamic state of tissue lipids during the post- 
absorptive state. Superscripts represent activity of labeled glyc- 
erol as compared to labeled fatty acid. G = glycerol; GAs; = 
triglyceride; GA = monoglyceride; GA:PB = lecithin and 
cephalin; PB = phosphorylated choline or ethanolamine. 


glycerol: fatty acid ratio in the adipose tissue is that 
the plasma fat may be hydrolyzed to fatty acid and 
monoglyceride at, or in, the adipose tissue cell wall. 
The fatty acid may then enter the cell body more 
rapidly than the monoglyceride, and be rapidly re- 
synthesized into triglyceride with ubiquitous unlabeled 
glycerophosphate. Thus the adipose tissue triglyceride 
would be labeled in the fatty acid only. Monoglyceride 
may enter more slowly, and, for that reason, toward 
the end of the absorptive period, would enter in rela- 
tively larger amounts than the fatty acid. This would 
cause a gradual increase in the labeled glycerol to 
labeled fatty acid ratio, as was obtained. 
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During the postabsorptive period (Fig. 2) the adi- 
pose tissue triglycerides maintained the largest per- 
centage of their labeled fat of any lipid. Although the 
adipose tissue had the least loss of labeled fatty acid 
and glycerol, it should be noted that it was only in this 
tissue that the ratio of active glycerol to fatty acid 
changed significantly during the postabsorptive period 
up to 72 hours. It thus appears that triglycerides and 
phospholipids disappear from blood and liver as units, 
but that in adipose tissue, hydrolysis and resynthesis 
are part of the dynamic picture, with new glycerol re- 
placing old during the process. 
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Notes on Methodology 


Application of a nomogram to gradient elution 
chromatography* 
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> Gradient elution has been found to be an extreme- 
ly useful procedure for separating mixtures on chroma- 
tographic columns since it provides an infinite number 
of solvent compositions, each with a different ability 
to elute the adsorbed materials. Constant volume 
gradient elution procedures were recently described 
by Hirsch and Ahrens (1), who showed the effective- 
ness of this procedure in separating plasma lipids. Al- 
though the stepwise change of solvent is useful, and 
even desirable in some cases (2), it is difficult to use 
trial-and-error procedures to choose the best solvent 
compositions. Gradient elution can be used initially 
to survey mixtures by column chromatography and to 
identify the solvent compositions at which various 
compounds are eluted from the column. Once the 
relationship between the extent of elution of the 
compound and solvent composition has been deter- 
mined, it would be possible to predict the proper sol- 
vent mixtures for use later in stepwise elution pro- 
cedures. In order to calculate conveniently the many 
different solvent compositions produced in constant 
volume gradient elution systems, a general equation 
has been derived and represented in the form of a 
nomogram (Fig. 1). 


Assume (1) Two-solvent system, A and B. 
(2) Constant velume mixing chamber. 


Let X = volume fraction of A leaving mixing chamber. 

Xo = initial volume fraction of A in mixing 
chamber. 
Xp = volume fraction of A in reservoir. 
Q = amount of A in mixing chamber. 
F = volume that has flowed through the mixing 
chamber. 
V = volume of mixing chamber. 
* Supported in part by a National Science Foundation Pre- 


doctoral Fellowship (H.R.W.) and Grant G-7647 from the 
National Science Foundation. 
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At any point in the elution, the change in Q will be 
dQ = VdX 


And VdX = XzdF — XdF = (Xp — X)dF 


Rearranging gives 


dX (1) 
If Xp is constant, integration of (1) gives 
F 
In(X — Xa) (2) 
When F = O, (p= In(Xo — Xr) (3) 
Therefore, 
X — Xz F 
In 
(Xo — Xx) Vv 
or 
(X — = (Xo — Xg) (4) 


A nomogram representing equation 4 can then be 
constructed, using the method described by Allcock 
and Jones (3). 

Step 1. Two parallel lines are drawn 20 em. apart 
to represent the loci of (Xo — Xp) and F/V. The locus 
of (Xo — Xp) is arbitrarily made 25 em. long and is 
graduated linearly from 1.0 to 0. 

Step 2. The following equation, A Ly; = 4e®/Y — 
4.42, where A L, is the linear distance in em. between 
F/V = 0.1 and F/V, is used to calibrate the F/V 
locus. The point F/V = 0.1 should be directly opposite 
(Xo — Xx) = 1.0. 

Step 3. The third locus (X — Xx) lies obliquely be- 
tween the two parallel lines. A point lying on the 
(X — Xx) locus is located by the intersection of two 
construction lines from corresponding values of F/V 
and (Xo — Xp) for any given value of (X — Xp). 
Two such points determine the (X — Xx) line. 

Step 4. A line joining (Xo — Xz) = 1.0 and F/V 
= 0.1 is graduated according to the following formula, 
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ALs 


1 


6.25 — 
(X — Xp) 


Projection lines, parallel to F/V and (Xo —- Xx), are 
then drawn from these graduations to intersect the 
(X — Xp) locus. These intersections represent the 
(X — Xp) values used to calculate A Le. 

The separation of egg lecithin and lysolecithin by 
silicie acid chromatography provides an illustration 
of the usefulness of the nomogram shown in Figure 1. 
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The egg lecithin was purified by chromatography on 
alumina and the lysolecithin was prepared from this 
purified lecithin by the action of Crotalus adamanteus 
venom. A lipid sample containing 9 and 15 pmoles of 
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Fic. 1. Nomogram for determining the composition of solvent 
leaving the mixing chamber in constant volume gradient elu- 
tion chromatography. 
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Fic. 2. Gradient elution of lecithin and lysolecithin from a 
silicic acid column by chloroform-methanol mixtures. The per 
cent methanol for each tube was calculated from the nomo- 
gram. 
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lecithin and lysolecithin, respectively, was applied to 
a 5g. silicic acid column (1 X 12 cm.) in 10 per cent 
methanol in chloroform. Either Mallinckrodt or Baker 
and Adams silicic acid (100 to 200 mesh) was used 
without any special activation. The column was 
washed with 16 ml. of 30 per cent methanol in chloro- 
form, which removed a small amount of lecithin 
(about 0.05 pmoles of phosphorus per ml.). The gradi- 
ent was started and the eluates (8 to 13 ml.) were 
collected in tubes on a fraction collector. The mixing 
chamber volume was 150 ml., while Xo and Xp for 
chloroform were 0.7 and 0.3, respectively. The solvent 
composition in each tube was then readily determined 
from the nomogram, knowing F/V for each tube. 
Straight lines connecting the point Xo — Xz = 04 
with values of F/V intersect the value of X — Xx re- 
lated to F/V. In this example, 0.3 + (X — Xx) is the 
fraction of chloroform, and 0.7 — (X — Xx) is the 
fraction of methanol. 

The total phosphorus concentration in each tube 
was determined after acid hydrolysis by the method 
of Fiske and Subbarow (4) and was plotted versus 
per cent methanol in Figure 2. The first peak is leci- 
thin; the second is lysolecithin. The dashed lines 
represent the shape the peaks would assume if only 
one component were present. 

The results from the gradient elution (Fig. 2) can 
now be used to develop a procedure for separating 
lecithin and lysolecithin using stepwise elution. Leci- 
thin begins to move off the column very rapidly as the 
methanol concentration reaches 40 per cent, whereas 
lysolecithin is quite poorly eluted at this solvent com- 
position. The lysolecithin, on the other hand, begins 
to move rapidly with 51 per cent methanol. A lipid 
mixture containing lecithin and lysolecithin may be 
resolved by adsorbing the lipid on the column and 
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Fic. 3. Stepwise elution of lecithin and lysolecithin from a 
silicic acid column by chloroform-methanol mixtures. 
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washing with 40 per cent methanol in chloroform to 
elute the lecithin. After sufficient washing of the col- 
umn with 40 per cent methanol, the lysolecithin may 
then be eluted with 51 per cent methanol in chloroform. 

The stepwise elution of 16 pmoles of lecithin and 
14 umoles of lysolecithin is shown in Figure 3. In this 
experiment the lipids were added to a 5 g. silicic acid 
column in 10 per cent methanol in chloroform and 
eluted with 200 ml. of 40 per cent methanol and then 
200 ml. of 51 per cent methanol. 

In summary: A general equation describing the sol- 
vent composition flowing through the column in a 
constant volume gradient elution system has been 
developed and made into a nomogram. This nomogram 
is useful in quickly estimating solvent compositions 
and predicting procedures for separating components 
in a mixture by stepwise elution chromatography. 
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Preparation of methyl esters* 


Norman 8. Rapry, Amiya K. Hagra, and 
YuKio AKAHORI 
Biochemistry Department, Northwestern University 
Medical School, Chicago 11, Illinois 


[Received for publication December 15, 1959] 


& The use of 2,2-dimethoxypropane (DMP) in 
preparation of methyl esters has been reported by 
Lorette and Brown (1). This reagent reacts very 
rapidly with water in the presence of strong acid to 
form methanol and acetone and thus can act as a 
water scavenger in esterification of acids with meth- 
anol. However, the possibility of direct methylation of 
acids has not been ruled out. We have modified the 
conditions described by these authors to speed the 
esterification and simplify the technique. The changes 
involve the use of aqueous hydrochloric acid as cata- 
lyst and relatively large amounts of reagents. 


* Supported in part by United States Public Health Service 
Grant B-1179 of the National Institute of Neurological Dis- 
eases and Blindness. 
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A typical synthesis is carried out as follows: Up to 
1 g. of stearic acid is placed in a 25 ml. Erlenmeyer 
flask or test tube, 2 ml. of methanol is added, then 
0.2 ml. of concentrated hydrochloric acid, and then 
5 ml. of DMP. After each addition of liquid the sus- 
pension is mixed, and then, when all reagents are 
added, the container is stoppered and left for 1 hour. 
If the acid is not completely dissolved on addition of 
the DMP, the flask is swirled until solution takes 
place, but the total reaction time is not extended. 

The ester is isolated from the reaction mixture by 
transferring the solution to a larger flask (with the aid 
of 10 ml. of toluene for rinsing) and evaporating off 
the solvents under vacuum. The toluene reduces the 
tendency toward splashing during evaporation, and 
transfer is usually unnecessary when smaller amounts 
of acid are used. With large amounts of acid it is 
difficult to remove the last traces of toluene simply 
by evacuation. In this event, we redissolve the ester in 
petroleum ether (b.p. about 67°C) and re-evaporate 
under vacuum. The ester may also be isolated in the 
usual way, by addition of ether and water. 

These conditions lead to quantitative yields with 
stearic acid, a-hydroxystearic acid, and other long- 
chain fatty acids. Lignoceric acid is rather insoluble 
in the reaction mixture, and we add 2 to 4 ml. of 
toluene after the DMP. Judging by the previous report 
(1) and by experiences of others with our method, we 
believe the method should be useful for most types of 
carboxylic acids. We have used the method, scaled 
accordingly, with samples of 15 mg. up to 50 g. of fatty 
acids, for preparative work and for gas chromatogra- 
phy. 

Judging by the weight yields, there was complete 
esterification of the acids. Titration of the esters dis- 
closed no free acid. Passage of the esters through 
Florisil,) using petroleum ether or petroleum ether- 
ethyl ether (2), yielded quantitative recovery of the 
esters; under these conditions free acids are adsorbed. 
A trace of yellow material forms during the esterifica- 
tion; this is adsorbed by Florisil and is presumably a 
polymer formed from the DMP. Heating the reaction 
mixture increases the yield of yellow material, and 
weight yields then run over 100 per cent. It is likely 
that the esterification is complete within a few min- 
utes in our system, but we have not investigated 
shorter reaction times. 

We redistilled the DMP? at atmospheric pressure 
(b.p. 80°-82°C), but subsequently discovered that 
Erley (3) recommends distillation at very low pres- 


+ Floridin Co., Tallahassee, Fla. 
* Kindly furnished by Dow Chemical Co., Midland, Mich. 
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sure to avoid decomposition into methanol and 2- REFERENCES 


methoxypropene. 
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ing to our attention the potentialities of this interest- 1959. 
| ing reagent. 3. Erley, D. S. Anal. Chem. 29: 1564, 1957. 
| 
Correction 


In the article entitled “Studies on Blood 
Platelet Phospholipids,’ by Marcus et al., in 
the January, 1960, issue, the words Dinitroph- 
enyl Ethanolamine and Dinitropheny! Serine 
\ should be substituted for Dinitrophenylhy- 
drazine Ethanolamine and Dinitrophenylhy- 
drazine Serine on lines 5, 6, and 7 in the left- 
hand column of page 184. It is to be noted 
that the abbreviation DNP as used elsewhere 
in the article refers to dinitrophenyl. 


Notice of Meeting 


The Fifth Meeting of the International Conference on Biochemical 
Problems of Lipids will take place in Marseilles, France, July 21-23, 
1960. Subject: “The Enzymes of Lipid Metabolism.” Sections: (1) 
Techniques, (2) Hydrolysis, (3) Oxidative Degradation, (4) Biosyn- 
thesis. For information write Prof. P. Desnuelle, Faculté des Sciences, 
Place Victor Hugo, Marseilles, France. 
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New Methods is a listing of recent and pertinent 
references to analytical lipid methods published in 
other journals, It is compiled by Norman S. Radin, 
H. A. Newman, and David Kritchevsky. (Refer- 
ences opened with No. 1 in the October, 1959, 
issue of the JouRNAL oF Lipip RESEARCH.) 
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INSTRUCTIONS TO AUTHORS 


Scope: The JourNAL oF Lipip RESEARCH, a quarterly, 
will publish original articles dealing with the chemistry, 
biochemistry, enzymology, histochemistry, and physiol- 
ogy of the lipids. The editors will favorably consider 
significant contributions in the field of lipid methodology 
and will encourage publication of sufficient details so that 
the methods can be reproduced. Clinical observations 
and nutritional data will be welcomed if they offer con- 
tributions in the above fields. In addition to original 
articles, the JouRNAL will contain review articles and a 
section, ‘‘Notes on Methodology,” dealing primarily with 
minor improvements in existing methodology. Notes on 
Methodology will not generally require a summary or 
subdivision into sections. A listing of new lipid methods 
published in other journals will also be provided. Al- 
though articles will be published in English only, it is 
hoped that the JouRNAL will become a vehicle for inter- 
national communication. 


‘Preparation of manuscripts: All manuscripts, including 
tables and figures, should be submitted in duplicate. 
Manuscripts should be typewritten, double-spaced, with 
minimum page margins of one inch. The first page 
should be a title page, consisting of: title; author(s); in- 
stitution from which the paper is submitted, including 
the complete postal address(es) for mailing of proofs and 
reprint requests; and an abbreviated title for a running 
head (not to exceed 60 characters, counting the spaces 
between words). A notation should be made when the 
manuscript is intended for the Notes on Methodology 
section. Footnotes on the title page and those to tables 
should be indicated by non-numerical symbols (asterisk, 
dagger, double dagger, etc.), but in the text should be 
numbered consecutively and typed on a separate sheet. 

-Manuscripts should be written in clear, grammatical 
English. Unusual abbreviations should be used as little 
as possible, and must always be initially defined. Each 
article should be preceded by a Summary, not to exceed 
200 words. Whenever possible, Methods, Results, and 
Discussion should be set forth in separate sections with 
appropriate headings. These headings should be in capi- 
tal letters, centered on the page; subheadings should be 
in lower case and underlined for italicizing in print. 

Tables should be typed on separate sheets and num- 
bered with Arabic figures. All tables should be self- 
explanatory. Draw graphs and diagrams in black ink. 

For the terminology of lipid enzymes the JourNAL will 
follow the recommendations published in ‘‘Nomencla- 
ture of enzymes of fatty acid metabolism” in Biochemical 
Problems of Lipids, edited by G. Popjak and E. Le Breton, 
“London, Butterworths Scientific Publications, 1956, p. 246. 

For the terminology of serum lipoproteins the JOURNAL 
will follow the recommendations published in Circulation 
Research 4: 129, 1956. 

The following are the accepted abbreviations for units 
of measurement: 


Units of Mass: 

kilogram kg. 
gram g. 
milligram mg. 
microgram ug. 
millimole mmole (not mM) 
micromole umole (not uM) 
Units of Concentration: 

molar (mole per liter) M 
millimolar mM 
micromolar uM 
Units of Length, Area, Volume, etc.: 

meter m. 
centimeter cm. 
millimicron mu. 
square centimeter cm.,? 
liter 
milliliter ml. 
cubic centimeter cc. or cm. 
microliter pl. 
counts per minute cpm. 
millicurie mc, 
microcuric uc. 
degrees of temperature °C or °F 


The expression mg.% should not be used, but should 
be written as mg. per 100 ml. For chemical nomenclature 
the JourNAL will follow the conventions of Chemical 
Abstracts. The superscript ® should follow all trade names. 
When necessary for identification of other specific mate- 
rials, use a footnote, including name and location of 
manufacturer. 

References should appear in numerical order through- 
out the text. Bibliographic references must be type- 
written, double-spaced, on a separate sheet, using the 
following style: 

FOR JOURNAL ARTICLES: Author’s last name, initials. 
Name of journal (abbreviated as in “List of Periodicals 
Abstracted,” Chemical Abstracts, Supplementary Issue to 
Volume 50, 1956) volume number: page, year. 
Example: Garn, S. M., A. B. Lewis and D. L. Pola- 
check. Sczence 128: 1510, 1958. 

FOR BOOKS: Author’s last name, initials. T7tle of Book. 
City, Publishing House, year, page number. 
Example: Adolph, E. F. Physiology of Man in the Desert. 
New York, Interscience Publishers, Inc., 1947, p. 420. 

FOR ARTICLES IN BOOKS: Author’s last name, initials. In 
Title of Book, initials and name of editor(s), City, Pub- 
lishing House, year, volume, page number. 
Example: Anker, H. S. In Methods in Enzymology, edited 
by S. P. Colowick and N. O. Kaplan, New York, Aca- 
demic Press, Inc., 1957, vol. 4, p. 779. 

(Note: In all references, reverse name and initials of 
first-named author only.) 

Mention of “unpublished experiments, personal 
communications,” etc., should be made as footnotes and 
not included in the references. References to papers which 
have been accepted for publication but not yet printed, 
are cited in the style as other references, followed by the 
words “‘in press.” 

Send manuscripts to the JouURNAL oF Lipip RESEARCH, 
University of Tennessee, Memphis 3, Tenn. 
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dagger, double dagger, etc.), but in the text should be 
numbered consecutively and typed on a separate sheet. 
Manuscripts should be written in clear, grammatical 
English. Unusual abbreviations should be used as little 
as possible, and must always be initially defined. Each 
article should be preceded by a Summary, not to exceed 
200 words. Whenever possible, Methods, Results, and 
Discussion should be set forth in separate sections with 
appropriate headings. These headings should be in capi- 
tal letters, centered on the page; subheadings should be 
in lower case and underlined for italicizing in print. 
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bered with Arabic figures. All tables should be self- 
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